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Evidence for Association of Polycystic Ovary Syndrome in Caucasian 
Women with a Marker at the Insulin Receptor Gene Locus 

STEFANIA TUCCI, WALTER FUTTERWEIT, ERLINDA S. CONCEPCION, DAVID A. 
GREENBERG*, RONALD VELLANUEVA, TERRY F. DAVIES, AND YARON TOMER 

Division of Endocrinology and Metabolism, Department of Medicine and 'Department of Psychiatry, 
Mount Sinai School of Medicine, New York, New York 

ABSTRACT 

The polycystic ovary syndrome (PCOS) is one of the commonest female endocrinopathies affecting 5-10% of women of 
reproductive age. The disorder, characterized by chronic anovulation and signs of hyperandrogenism, results from a complex 
interaction between genetic predisposing factors and environmental triggers. We have studied 85 Caucasian PCOS patients and 
87 age-matched Caucasian control women for associations with four candidate genes: follistatin, CYP19 (aromatase), CYP17a, 
and the insulin receptor (INSR). These genes were analyzed using microsatellite markers located near or inside the genes. We 
found that only the insulin receptor gene marker D19S884 was significantly associated with PCOS (p=0.006 and even after a 
conservative correction p=0.Q42). The INSR gene region was then fine mapped with an additional panel of 9 markers but only 
marker D19S884, located 1 cM telomeric to the INSR gene, was again associated with PCOS. In conclusion, our results suggested 
that a susceptibility gene for PCOS was located on chromosome 19pl33 in the insulin receptor gene region. It remains to be 
determined if this susceptibility gene is the insulin receptor gene itself or a closely located gene. Since insulin stimulates androgen 
secretion by the ovarian stroma it is likely that INSR function in the ovary is involved in the genetic susceptibility to PCOS. 



The polycystic ovary syndrome (PCOS) is on 
commonest human endocrinopathies and affects 5-10% of 
women (1). The disorder is characterized by chronic 
anovulation, and signs of hyperandrogenism including 
hirsutism, alopecia and acne (2,3). Many patients also 
develop obesity and insulin resistance, and the syndrome is 
associated with greatly increased risk of type 2 diabetes 
mellitus (4). The etiology of PCOS is not known but 
epidemiologic data shows that PCOS is a familial disorder 
with a sibling risk ratio of 50% to 80% (5,6). Segregation 
analyses in families with PCOS suggested a Mendelian 
dominant pattern of inheritance when assuming premature 
baldness as the male phenotype of the disorder (7,8). 
However, the susceptibility genes for PCOS are unknown. 
Various candidate genes have been examined as possible 
susceptibility genes forPCOS (e.g. CYP 19, CYP17, leptin) 
and have given negative results (9). Recently attention has 
focused on the insulin gene VNTR and the follistatin gene 
since both were reported to be linked with PCOS (9). 

In view of the strong association of PCOS with insulin 
resistance, the insulin receptor gene has long been thought 
to be a candidate gene for PCOS. Several studies have 
looked for mutations in the INSR gene in patients with 
PCOS but failed to find major mutations (10,11). 



However, genes can also be involved in the susceptibility to 
complex diseases with minor polymorphic changes. We 
have, therefore, re-examined the insulin receptor gene as 
well as the follistatin, CYP 19 and CYP17a genes by case 
controlassociation studies using microsatellite markers. Our 
results demonstrated a significant association of the INSR 
gene region with PCOS. 



Subjects and Methods 



Patients 



Address all correspondence and requests for reprints to: 
Yaron Tomer MD, Division of Endocrinology and 
Metabolism, Box 1055, Mount Sinai Medical Center, One 
Gustave L, Levy Place, New York, N.Y. 10029 



We studied atotal of 85 Caucasian PCOS patients. The age 
of the women ranged from 14 to 60 years (mean 3 lyrs). All 
the patients fulfilled the NIH consensus criteria for PCOS 
including: (1) a history of oligomenorrhea, (2) elevated 
levels of serum testosterone, and (3) exclusion of other 
causes of oligomenorrhea and hyperandrogenism. Forty six 
(54%) of the women were obese (BM>30). The control 
group included 87 age-matched Caucasian women. All the 
control subjects had normal menstrual cycles and no clinical 
evidence of hyperandrogenism. For all subjects, phenotype 
was determined with the clinician blinded to the 
mdividuarsgenotype.Eaohparticipajitwasmterviewedand 
examined, and signed a written informed consent before 
participating. All the pertinent clinical and laboratory data 
were recorded and stored in our data base. The project was 
approved by the Mount Sinai Institutional Review Board. 



446 

2 



RAPED COMMUNICATIONS 



PCR amplification of microsatellite markers 

Table 1 shows the four candidate genes tested and die 
markers used to test them. DNA was extracted from whole 
blood using the Puregene kit (Gentra Systems, Minneapolis, 
MN). Oligonucleotides for amplification of microsatellhes 
were designed according to published sequences in the 
Genome Database (http://gdbwww.gdb.org/). Microsatellite 
markers were amplified as previously described (12), and 
the fluorescent labeled PCR products were separated using 
an ABI 310 genetic analyzer (Applied Biosystems, Foster 
City, CA), and allele calling was performed using the 
Genotyper™ 2.0 software. The marker data were men 
automatically exported to our database (Ingres™ database) 
where they were integrated with the already existing 
phenotype information and prepared for association 
analyses. 

Statistical analysis 

Association analyses were performed by the % 2 test. P 
values were corrected for multiple testing by the method of 
Bonferoni, and a p value <0.05 after correction was 
considered significant The relative risk was calculated by 
the method of Woolf (14). 

Results 

Analysis of candidate genes 

Our analysis showed no association of the aromatase, 
follistatin, or CYP17 genes with PCOS (Table 1). In 
contrast, the insulin receptor gene marker D19S884 was 
associated with PCOS (p=0.006 and after correction for 
multiple testing p=0.042, Table 1). 



TABLE 1. Association analysis of 4 candidate genes in 
PCOS patients (n=85) and controls (n-87). 



Gene 


Location 


Markers 


P value 


Follistatin 


5pl4 


D5S474 


0.8871 






D5S623 


0.2437 






D5S822 


0.1215 


Aromatase 


15q21 


CYP19 


0.785 


CYP17a 


10qf24J 


D10S192 


0.7663 


Insulin 


19pl3.3 


D19S884 


0.006* 


Receptor 

* n=A rMO 




D19S922 


0.2848 



* p=0.042 after correction for multiple testing 



Allele #2 was more prevalent in the controls than in the 
patients (9% versus 1.5%, respectively) and allele #10 was 
more prevalent in the patients than in the controls (33% and 
22%, respectively) giving a relative risk of 1.5 to people 
with allele #10. 

Fine mapping the insulin gene region on 
chromosome 19pl33 

In order to fine map the insulin receptor gene region, we a 
analyzed an additional panel of 9 markers spanning a 7 
centimorgan (cM) region flanking the insulin receptor gene. 
Only marker D19S884 was associated with PCOS in our 
cohort. None of the other markers in the region were 
associated with PCOS although some have been reported to 
be closer to the INSR than D19S884 (Table 2). 

TABLE 2. Association analysis of 10 markers in the 
insulin receptor gene region in PCOS patients (n=85) and 
controls (n=87). 



Marker 


Location (cM) 


P value 


D19S2I6 


20.0 


0.891 


D19S869 


23.0 


0.092 


INSR 


25.2 


0.150 


D19S406 


25.2 


0.116 


DI9S567 


25.2 


0.785 


D19S873 


25.2 


0.475 


D19S905 


25.2 


0.750 


D19S884 


26.4 


0.006 


D19S9I2 


27.1 


0.561 


D19S922 


27.2 


0.178 



Note : the map order and distances between the markers are 
all approximate and subject to change. 



Discussion 

Our results showed an association between PCOS and 
marker D19S884 in the insulin receptor gene region in a 
cohort of 85 Caucasian PCOS patients. This suggested that 
a gene affecting the phenotypic expression of PCOS was 
mapped to marker D19S884 located 1 cM telomeric to the 
insulin receptor (INSR) gene. This marker has now been 
found to be associated with PCOS in a family-based 
association study using the transmission disequilibrium test 
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(TDT) (13). The finding of an association of PCOS with the 
same INSR gene marker in two Independent data sets 
suggests that a major gene for PCOS is located in the INSR 
gene region. 

We found no association of PCOS with the INSR 
microsatellite which is located inside the INSR gene (Table 
2). However, the INSR gene itself was not excluded based 
on this lack of association since under certain conditions, 
markers which are more distant from a susceptibility gene 
may show greater linkage disequilibrium with the disease 
than markers which are closer to the gene (15). This could 
happen if; for example, the closer marker had a higher 
mutation rate than the distant marker. Alternatively, the 
susceptibility gene for PCOS on 1 9pl3 may be a regulatory 
element for the INSR gene located close to D19S884. 
Furthermore, the genetic maps of chromosome 19pl3 are 
not yet exact and the location of the markers and their 
distances from the INSR gene are only an approximation. 

Hyperinsulinism is known to play a central role in PCOS, 
and, therefore, the insulin receptor or a regulatory element 
controlling its expression are likely candidate genes for 
• PCOS. Insulin receptors are widely distributed throughout 
all ovarian compartments, and insulin exerts several 
important effects on the ovaries including: (1) stimulation 
of ovarian production and secretion of androgens, (2) 
potentiation of the ovarian steroidogenic response to LH 
and FSH, and (3) suppression of apoptosis in ovarian 
follicles which could reduce the rates of their atresia and 
lead to cyst formation [for a review see (16)]. Thus, insulin 
actions on the ovaries, which are mediated through ovarian 
INSRs, may explain the characteristic findings in PCOS 
including hyperandrogenism, anovulation, and ovarian cyst 
formation. Moreover, treatment of PCOS patients with 
insulin sensitizers (e.g. metformin), which reduce serum 
insulin levels, often induce ovulation (16,17). 

Previous studies have shown either normal or decreased 
INSR expression in the ovaries in PCOS patients when 
compared with controls (15). In addition, several workers 
have analyzed the INSR gene for mutations in PCOS 
patients. Early reports demonstrated mutations in the 
tyrosine kinase domain of the insulin receptor gene in a few 
PCOS patients with severe insulin resistance (18-20). In 
contrast, others were not able to find missense or nonsense 
mutations in the INSR gene in insulin resistant PCOS 
patients (10,11,21). It is unlikely that the common variety 
of PCOS is caused by major mutations in the INSR, such as 
found in the severe insulin resistance of the type A 
syndrome (22), and more likely that single nucleotide 
polymorphisms (SNP's) in the INSR, or in regulatory 
elements controlling its expression, are involved in the 
genetic susceptibility to PCOS. SNP's would induce a less 
profound change in INSR function and/or tissue expression. 

In summary, we found evidence mat a susceptibility gene 
for PCOS was located in the insulin receptor gene region. It 
was possible mat this gene mediated its effects by 



influencing INSR gene expression at the ovary. Since 
insulin stimulates androgen secretion by the ovarian stroma 
it is likely that changes in the INSR or its signaling pathway 
in the ovary could explain some of the genetic 
susceptmility to PCOS. Identification, of the PCOS 
susceptibility gene in the INSR gene region may shed 
further light on the participation of insulin and its receptor 
in the pathogenesis of PCOS. 
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Al. im*v this Project Contributes to the Theme of the SCOR. Polycystic ovary syndrome (PCOS) is among the 
most^mmon endocrine disorders in premenopausal women, affecting 7-10% of this population. It is characterized 
by hyperandrogenism, chronic anovulation and, frequently, obesity. We have shown that PCOS confers a 
substantially increased risk for impaired glucose tolerance (IGT) and type 2 diabetes mellitus (DM2) with 
prevalence rates of glucose intolerance approaching -40%. Women with PCOS have profound insulin resistance as 
well as pancreatic p-cell dysfunction, independent of obesity and glucose intolerance. However, skeletal muscle 
insulin resistance reverses in cultured myotubes suggesting that insulin resistance in this tissue is induced by factors 
in the in vivo environment We have recently shown that hyperandrogenemia is the reproductive phenotype in males 
as well as female relatives of PCOS women. Moreover, Urbanek and colleagues have shown (Project 2) that this 
phenotype appears to have a genetic basis in PCOS families and shows significant linkage and association with a 
marker locus on chromosome 19p in the region of the insulin receptor (allele 8 of D19S884). These findings have 
been replicated in a second sample of families and in an independent case-control study. We now have extremely 
exciting evidence that this allele is also associated with a metabolic phenotype in PCOS probands and their brothers: 
increased post-challenge glucose levels, apparent defects in insulin secretion, especially in response to sulfonylurea, 
and accelerated weight gain with age. Abbott (Project 3) has shown that in utero testosterone excess can reproduce 
many features of the PCOS reproductive and metabolic phenotype in female rhesus monkeys, including decreased 
insulin secretion and increased LH levels. Levine (Project 4) has shown that one mechanism for these changes is 
androgen-mediated suppression of ATP-sensitive potassium (K + ATP ) channels. These channels also mediate glucose- 
and sulfonylurea-stimulated insulin secretion by the pancreatic p-cells. Taken together, these observations have led 
tgi new hypothesis for the etiology of PCOS: genetic variation resulting in hyperandrogenemia results in many of 
m. reproductive and metabolic features of PCOS by fetal androgen prograinming. In this Project, we will test two 
d&taponents of the hypothesis. First, is the metabolic phenotype that is associated with the marker locus decreased 
iMilin secretion, consistent with androgen-mediated suppression of Y? ATf channel activity? Second, is there in utero 
-^rogen excess, decreased fetal insulin secretion and/or intrauterine growth retardation (IUGR) in the female 
•oring of PCOS women, and does the marker allele identify a subpopulation of offspring with these findings? 

clinical research Project will complement the basic studies by providing evidence in PCOS women to support 
! overall hypothesis of this SCOR. 

Aim 1. To test the hypothesis mat homozygous or heterozygous PCOS carriers of the marker allele, allele 
"(+)] of D19S884, are more insulin resistant than women without this allele [A8(-)]. 





^ will determine whether A8(+) PCOS women have defects in insulin action compared to A8(-) PCOS women, 
js aim will be accomplished by examining the sensitivity and responsiveness to insulin of glucose disposal, free 
fatty acids (FFA) flux and endogenous glucose production (EGP) during sequential multiple insulin dose euglycemic 
clamp studies. J 

A3. Aim 2. To test the hypothesis that A8(+) PCOS women have more profound defects in insulin secretion 
compared to A8(-) PCOS women. 

We will directly measure insulin secretion in response to various secretagogues to determine whether it is decreased 
in A8(+) PCOS women compared to A8(-) PCOS women. This aim will be accomplished by examining pancreatic 
islet function with an oral glucose tolerance test (OGTT), meal tolerance test, graded glucose infusion, glucose- 
dependent arginine stimulation test and tolbutamide-modified frequently sampled intravenous glucose tolerance test 
(FSIGT). 

A4. Aim 3. To test the hypothesis that there is in utero testosterone excess, altered insulin secretion and/or 
intrauterine growth retardation in the female offspring of PCOS women. To determine whether A8(+) female 
offspring have more profound changes in these parameters compared to A8(-) female offspring. 

We will measure androgen and insulin levels in amniotic fluid from pregnant PCOS compared to pregnant control 
women. We will also measure androgen and insulin levels in cord blood. Further, we will assess gestational age in 
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fvoVJ ^ ?? S l5 f Vid f ,,Ce f ° r 3 Genetlc s ^P«billty. It is possible to show experimentally that androgen 
excess or increased GnRH release can reproduce the PCOS reproductive phenotype. It is also clear that extaSe 
msuhn resistance secondary to mutations in the insulin receptor gene can cause the PCOS reproductive phenoty^e 
(1). Accordingly, intense debate is ongomg regarding the primary defect mat initiates the syndrome. Nevertheless 

Sdimof C rr e l fem,lial ° f PC ° S *" prOVides evidence for a susceptibility^^ 15 

disorder (1)(2). Although some studies have suggested that there is an autosomal dominant mode of inheritance 
fcese * sted.es have been limited by a lack of prospective design, a failure to examine many first-degree relatives, and 
an unknown phenotype except in reproductive age women (2-4). PCOS is more likely a complex genetic disease 
with at least several major susceptibility genes (5). We have shown that the intermediate reproductive phenotype of 
SESiT^'P^ * PCOS families (6). Moreover, PCOS first-degree relatives with this reproductive 
phenotype also exhibit evidence of msuhn resistance (Preliminary Studies). Thus, identifying genes associated with 
die reproductive abnormalities may also identify genes contributing to insulin reristancl In support of this 
hypotiiesis, we have identified an allele of a marker in the region of the insulin receptor, A8 of D19S884, that is both 
linked and associated with the reproductive phenotype (Preliminary Studies and Project 2) (7;8). We used a family 
based association test for the association analysis, the transmission disequilibrium test (TDT), which tests for 

SE^rf" 1 PreSenC ! ° f md COntK>1S f ° r P°P ub * ion salification (9-11). Further, we have replicated 

ti| association in a second sample of families. The association of this marker with PCOS has been confirmed in an 

SS2%3* 311616 * mmM * metabolic phenotypes 

Rationale for Association Studies with Marker Locus. Since association is dependent on the presence of 
ISntBS^ST: ™ g 1 dlSequilibrium ? "^tabed over relatively short genetic distances, the evidence 
association in die TDT analysis suggests that D19S884 is close to the PCOS susceptibility gene (9) 
rertheless, a cons^erable amount of time may be necessary to identify the susceptibility gene that is in linkage 
S^^iTS D ? 9S884 2 p; 14 >- Accordingly, we plan to investigate the association of JSHfc 
'TJ^f Jl^ ^ C1 ^ 0nS °f* P henot yP e with a marker locus rather than a gene have been demonstrated in 
^ITT* ODS ?- °u y0Ung WODY). Such studies defined these MODY metabolic phenotypes 
J£Z? ™S ST ? *° f arker l0CUS was P° siti °naUy cloned (15-17). The association between 
ititative metabolic phenotypes and anonymous chromosomal markers has also been investigated in diabetes 

SKS^™ £ * ^ M T° V f' *° Plesence of 311 « oofaa « betwee » the marker loiSf a metaS 
phenotype provides additional evidence for a susceptibility gene near the marker locus (18;19). 

g 5 ne i for PCOS have been identified » linkage stadies: CYPlla (cholesterol side-chain 
cleavage enzyme), the msuhn gene variable number of tandem repeats (VNTR) and follistatin. There has been 
Km^HrX 11 T% ^y^^analyses with an allele of the insulin gene VNTR locus and insulin levels 
a * " ^ l^ eS ° f folhstami and CYP1 la have not supported a major role for variation in 

mSb' ^ S^mT^S t °/, C ° S ^ 7)( ^- We fail6d to evidence &r ™ association between the 
insulm VNTR and PCOS m our family studies (6). Other putative candidate genes for PCOS have been identified in 
case-control studies (1;2). Polymorphisms b insulin receptor substrate (IRS)-1, IRS-2, PPAR-y prol2ala allele have 

mui rsES? T b0 * phenotyp r m a recent case - controI stud * es ^ 25 >- Howev «> ^oSSSS 

sTtificationTs^i 2 r^ Ca S° n ^ P - *"** susceptible to false positive results due to population 

^L£i V f we J are gom g to focus our e£fbrts on * e D19S884 region since A8 is both 

a S° Cmt ? d ^ reproductlve ^ d metabolic phenotypes in PCOS. As additional genes or marker loci that 

meet these stringent criteria are discovered, we will also investigate their association with the phenotypic features of 



J?' P 2 is a Unique Subphenotype of Insulin Resistance. There is profound peripheral insulin resistance in 
PCOS similar m magnitude to that seen in DM2 (29). However, the mechanism of insulin resistance in PCOS 
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defers from that seen in DM2 or objjfr (30;3 1). We have shown that serine-pho Alation of the insulin S 
m iscaused by an extrinsic sermBse and results in decreased IR signaling JBftured PCOS fibroblasts (32) 
rndtrfc^ H^^S ^ g P h ?P hor y lation * PCOS fibroblasts has been confirmed recently in an 
£ m ^?s ) ^° St ' TR SlgDalmg defects 316 selective > metabolic but not mitogenic pathways 

1 (34) ' ^ ^P 0 ?' 1 * ■'8-Bng defects in PCOS skeletal muscle, and prelLna^ £S 
suggest that these also unpair metabohc but not mitogenic pathways (Preliminary Studies)(31). Further, the pattern 
of changes in signaling proteins in skeletal muscle differs from that in other insulin resistant conditions such as 
DM2 obesity and gestational diabetes (31). PCOS skeletal muscle does not exhibit significant differences in the 
abundance of the IR, IRS-1, or the p85 regulatory subunit of phosphatidylinositol-3 (PB>kinase. The abundance of 
is increased suggesting that this change is compensatory for decreased IRS-1 mediated signaling 

B4. Skeletal Muscle Insulin Resistance is an Acquired Defect in PCOS. Skeletal muscle is the major target 
tissue on a quanntatove basis for insulin-mediated glucose disposal (TOMGD) in vivo, accounting for 85% of glucose 
utilization in die fed state (35) Based on our studies in PCOS fibroblasts, we hypothesized that insulin resistance 
was a genetic defect and that skeletal muscle would have persistent defects in insulin action as a stable phenotype in 
r J t ° fiDdmgS in D *P (36) - To this hypothesis, we examined insulin action in cultured myotebes 
from PCOS and control women (Preliminary Studies). In contrast to cultured skeletal muscle from DM2, we found 
no evidence for intrinsic decreases in insulin sensitivity in PCOS cultured skeletal muscle (37). However PCOS 
cultured skeletal muscle was not entirely similar to control because there were significant increases in basal non- 
msuun-mediated glucose uptake and constitutive activation of mitogen-activated protein kinase (MAPK) pathways 
Activation of MAPK was also present in PCOS muscle biopsies indicating this finding was not an arnTaci of tissue 
c^ure conditions. These increases in MAPK activity are another unique feature of the PCOS insulin resistance 
Ignotype and are not seen in DM2 (38). These findings suggest that the primary defect in PCOS is not skeletal 
isascle insulin resistance. — 

Tissue Differences in Insulin Action in PCOS. The studies in fibroblasts and skeletal muscle indicate that 
sre are tissue differences in insulin action; similar findings have been reported in mice with disruption of insulin 
|tialing pathways (39). In contrast to our findings in skeletal muscle, McAllister has reported constitutive 
Breases in p38 stress-activated MAPK and decreased p44MAPK in passaged PCOS theca cells (40). Ciaraldi and 
^leagues first proposed that such tissue differences in insulin action may account for continued insulin actions on 
| ovary m the face of resistance to insulin's metabohc actions (41). The selective nature of insulin resistance in 
f>S with preservation and even enhancement of growth-related MAPK pathways may also contribute to 
|roduchve actions of insulin in the fece of resistance to its metabolic actions. 

B§ Mechanisms for Acquired Defects in Insulin Action in PCOS. This observation of reversible skeletal muscle 
d™? m „ msulin actlon has , led to a re-fonnulation of our hypothesis for the pathogenesis of insulin resistance in 
fCOS. We now propose that a circulating factor causes insulin resistance in vivo in PCOS. Candidate factors 
include FFA, cytokines such as tumor necrosis factor (TNF)-a or resistin, and androgens (42-44). There is an 
increasing body of evidence from human and animal studies to support the hypothesis that skeletal muscle insulin 
resistance m various settings is an acquired defect (42;44;45). Further, we propose that intrinsic alterations in 
skeletal muscle (e.g. activation of MAPK) increase susceptibility to the insulin-resistance inducing effects of the 
circulating factors, and we have shown that cultured PCOS skeletal muscle has increased susceptibility to FFA- 
mediatedmsulin resistance (Preliminary Studies) (46). 

B7. Androgens and Insulin Resistance in PCOS. Androgens represent an obvious circulating factor that could 
produce acquired defects in insulin action in PCOS. Women with upper-body obesity share many features of PCOS 
such as insuhn resistance, increased subcutaneous abdominal adipocyte size and abnormalities in the regulation of 
lroolysis (47). Since women with upper-body obesity often have increased androgen production, it is possible that 
androgens are a common final path for these metabolic defects in PCOS and upper-body obesity (48;49) However 
toe hypothesis that androgens play a major role in the pathogenesis of insulin resistance in PCOS has been largely 
discounted because suppressing androgens does not normalize insulin action in PCOS (50;51). Further, suppressing 
androgens does not alter resistance to fl-adrenergic receptor agonists in isolated adipocytes in PCOS (52-53) 
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SJSLS?fl L£ Sea jpaan PCOS women, insulin sensitivity coK completely normalized by 
r^fc P^f^ 01 ^^ in insulin secretion persisted (55). In obese PCOS women matched 

to « women for visceral fat, no significant differences in insulin sensitivity or EGP existed (56). In contrast 
we have found that lean PCOS women matched to control women for total fat mass and waisthip ratios (WHR) had 
^gmficantly decreased IMGD (57;58). However, increases in visceral adipose tissue (VAT) can escape detection 
with anthropometric measurements, so it remains possible that these lean PCOS women had increased VAT CS91 
Few studies have quanritated VAT in PCOS, and there are conflicting reports as to whether it is increased compared 
to control women matched for total fet mass (52;56;60;61). Lean PCOS women have increased abdominal fat cell 
"!r£!5^ ofincreased visceral adipose mass (47;57). We also found a synergistic negative effect of adiposity 
St 2C ?' s "gg estm S &at adiposity had a greater impact in PCOS than in reproductively-normal women 

p/pgj. Holte and colleagues reported similar findings for insulin sensitivity (54). Increased VAT could in turn be 
a consequence of androgen programming (47;62). ' 

B9. FFA in PCOS. The classic candidate mediators of adiposity-related insulin resistance are FFA (63 64) 
However, the importance of FFA in the pathogenesis of insulin resistance in women has been challenged recently 
(05). A study has demonstrated gender differences in susceptibility to FFA-mediated peripheral insulin resistance: 
men were susceptible to this FFA action whereas women were not(65). We have exciting evidence from cultured 
skeletal muscle that supports the presence of such differences in susceptibility to FFA-mediated insulin resistance 
preliminary Studies). PCOS skeletal muscle is more susceptible to this FFA action than cultured skeletal muscle 
from control women (Preliminary Studies). This mechanism could account for the greater deleterious effect of 
dgposity on msuhn action that has been observed in PCOS (54;57). Circulating FFA levels have not been well- 
sffildied m PCOS, nor are we aware of studies of FFA flux in the disorder (66). A recent study found that lipolysis 
^ mcreased m PCOS visceral fat (67). This difference could lead to increased portal FFA levels, which in turn 
cgild induce hepatic and peripheral insulin resistance (63). FFA levels could also be increased in PCOS because of 

fdffcreased suppression of lipolysis due to the relative decreased insulin secretion that is also found in the syndrome 
). It remains possible that other fet-cell derived factors, adipokines, such as TNF-cc, contribute to adiposity- 
ited insulin resistance in PCOS. 

10. Possible Fetal Origins of PCOS. The fetal origins or Barker hypothesis proposes that IUGR as evidenced by 
' a C ^ SBS ™ Sulin resistance > cardiovascular disease and other features of the insulin resistance 

pdrome (68;69). Decreased fetal nutrition is proposed to result in decreased fetal insulin secretion and growth 
mlm resistance is a compensatory mechanism that further decreases fetal nutrient use: the ''thrifty" phenotype 
jtensive anrrnd I studies support the long-term impact of the fetal environment on the adult animal, known as fetal 
I^gramming (69). The molecular mechanisms for these phenomena remain largely unknown, but permanent 
alterations in gene expression produced by changes in gene methylation may play a role (70). Many epidemiologic 
studies in humans support the association between low birth weight and metabolic diseases (68:69:71-72) To our 
knowledge, the Barker hypothesis has not been tested prospectively in humans. However, the long-term 
consequences, such as obesity and glucose intolerance, of fetal hyperinsulinemia, which results in high birth weight 
in the ofl^rmg of diabetic mothers, have been documented by our Co-Investigator, Boyd Metzger, and his 
colleagues(73). Thus, it is clear in humans that there are permanent physiologic alterations related to foe intrauterine 



Sex steroids are well known to produce sex-specific differentiation in a number of fetal tissues, such as the 
urogenital tract and the brain (64). Less appreciated are the programming actions of androgens that alter 
metabolism. Transient exposure to androgens in several animal models can permanently decrease insulin sensitivity 

SS? ™ f h6PatiC ClearanCC 0f 1118111111 < W >- Androgens can also alter body fet distribution and 
lipolysis (64). Thus, androgen programming can recreate many feature of the PCOS metabolic phenotype including 
insulin resistance, p-cell dysfunction, catecholamine resistance in subcutaneous abdominal adipocytes, but increased 
visceral adiposity and sensitivity to catecholamine-mediated lipolysis in this fet depot (62:74:75). Prenatally 
androgenized female rhesus monkeys are also smaller for gestational age (Project 3). Indeed, prenatally 
androgemzed monkeys have many of foe reproductive features of PCOS: increased LH levels, irregular ovulation 
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polycystic ovaries and I functional ojgm hyperandrogemsm (62;76;77). Some ofAdrogen programming effects 
depend on the sex of the animal (7Sj^V B 



TlieM evidence for fetal origins of some features of PCOS in human studies. Ibanez and colleagues have reported 
that both girls with elevated adrenal androgen levels or with PCOS were significantly smaller for gestational age 
than ^productively normal control girls(79;80). It is intriguing to speculate that androgen programming could 
account for the recently reported sex differences in susceptibility to FFA-mediated insulin resistance and explain 
why women with PCOS appear to have the male phenotype for this effect (65). Drs. Abbott and Levine will directly 
investigate the programming effects of androgens in their Projects (3 and 4). We will investigate whether there is 
any evidence of in utero androgen excess in PCOS as part of this Project. 

Bll. Significance. This Project will determine the specific mechanism of the metabolic phenotype associated with 
the A8 marker locus. Such information will be critical for understanding the function of the putative gene in this 
region once it is positionally cloned (Project 2). Even before the gene is cloned, it wffl be possible to use the marker 
locus to identify women at risk for metabolic consequences of PCOS. This Project also has important implications 
for understanding the genetic basis of DM2 since PCOS is a leading cause of DM2 in women and male relatives also 
appear to be affected. Finally, this Project will provide evidence to support (or refute) a novel new hypothesis for 
the pathogenesis of PCOS. Understanding the genetic basis and pathophysiology of PCOS will lead to new therapies 
and, perhaps, to cure of this common and overarching women's health. 

C. PRELIMINARY STUDIES 

m 

subjects fulfilled the criteria outlined in Section D4 of this proposal 
&m studies were perfoimed in age-, weight- and ethnicity-comparable 
cpes and controls. No subject had DM2, and control subjects had 
"mal glucose tolerance. Approximately 30% of PCOS women had 
T, but none had impaired fasting glucose. 

dl. Familial Aggregation of Hyperandrogenemia and Insulin 
sistance in PCOS Families. The evidence to support the genetic 
Jysis of a complex trait is familial aggregation. This finding was 
? sent for hyperandrogenemia in PCOS kindreds with 46% of sisters 
p affected. Only one-half of these sisters fulfilled diagnostic criteria 
tgf PCOS with chronic anovulation (:< 6 menses/year) and 
l{f$>erandrogenemia. The remaining affected sisters had a novel 
phenotype: hyperandrogenemia (HA) with regular menses. There was a 
significant bimodal distribution of testosterone (T) levels in the sisters 
whereas the distribution was unimodal in the control women (Figure 1). 
The bimodal distribution was consistent with a monogenic trait 
controlled by two alleles of an autosomal gene (6). This study strongly 
suggested that hyperandrogenemia in PCOS had a genetic basis and that 
a possible candidate gene would be one involved in the regulation of 
both ovarian and adrenal steroidogenesis since levels of the adrenal 
androgen dehydroepiandrosterone sulfate (DHEAS) were also 
increaseAWe determined whether femilial aggregation of metabolic defects was present in first-degree relatives. To 
control for the confounding effects of ethnicity on insulin sensitivity, we limited the population to Non-Hispanic 
White women (81). Two hundred seventeen sisters of 165 PCOS probands and 47 ethnically-comparable, 
reproductively-normal control women were studied. Phenotypes were defined as PCOS: £ 6 menses/yr and an 
elevated total or biologically available (u) (T) level; HA: menses every' 27-35 d and an elevated T or uT level- 
Unaffected (UA): menses every 27-35 d and normal T, uT, and DHEAS levels (Table 1). We concluded that there 
was familial aggregation of insulin resistance in PCOS consistent with a genetic trait (82). Hyperandrogenemia and 
insulin resistance track together suggesting that they may reflect variation in the same gene or in closely linked eenes 
(see below). B 




Figure 1. Distribution of uT levels. A uT level of 
15ng/dL is 2 SD above the control mean and a 
value>15ng/dL was used to diagnose 
hyperandrogenemia. The distribution of uT levels 
is significantly bimodal (P<0.001) in the sisters, 
whereas it is not in the controls. 
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We determined whether a male ^^lotype was 

pres^in the brothers of PCOS women (83). One 
hunSRl nineteen brothers of 87 unrelated women 
with PCOS and 68 weight- and ethnicity- 
comparable unrelated control men were studied. 
We did not find premature male balding in the 
brothers (a suggested male phenotype in previous 
studies). Brothers of women with PCOS had 
significantly elevated DHEAS (3035 ± 1132 
brothers vs 2492 ± 1172 ng/mL control men, 
P<0.05). There was a significant positive linear relationship between DHEAS levels in PCOS probands and their 
brothers (r=0.35, P=0.001). We concluded that the PCOS brothers appeared to have a reproductive phenotype with 
elevated DHEAS levels. The elevated DHEAS levels might reflect the same underlying abnormality in 
steroidogenesis for which we have found evidence in -50% of the premenopausal sisters of PCOS women. 

Fasting glucose levels did not differ in brothers compared to controls. Both fasting insulin (16 ± 9 brothers vs 14 ± 8 
uU/mL controls, P=0.07) and proinsulin (15 ± 12 vs 11 ± 6 pmol/L, P=0.08) levels tended to be higher in the PCOS 
brothers, but this difference did not achieve statistical significance in this sample. The proinsulin:insulin molar ratio 
a marker of 0-cell function, was not increased in the brothers. There were significant positive correlations between 
both insulin levels (r= 0.27, P<0.05) and proinsulin levels (r=0.54, P<0.001) in brothers and their proband sisters 
with PCOS, suggesting that these were also heritable traits in PCOS femilies. Total TTG levels were significantly 
greased in PCOS brothers (191 ± 153 brothers vs 144 ± 95 controls mg/dL, P< 0.05). There were no significant 
erences m cholesterol, HDL or LDL levels. These findings also suggested that the brothers of PCOS women had 
lin resistance and lipid abnormalities associated with the insulin resistance syndrome, 
j* 

<3L Genetic Analyses. We determined whether there was linkage between polymorphic markers at candidate genes 
ap the combmed phenotype of PCOS or hyperandrogenemia (PCOS/HA) with an affected sib pair (ASP) analysis 
(7). We tested for association in the presence of linkage with the TDT analysis in PCOS proband-parent trios. We 
sgeened 37 candidate genes (33 chromosomal locations) involved in steroidogenesis, gonadotropin secretion insulin 
a^on, or energy metabolism in 168 femilies and 39 affected sib pairs (ASP). The ASP and TDT analyses were 
formed by Dr. Margrit Urbanek, Principal Investigator on Project 2. We found significant evidence for linkage 
wth follistatm (identity by descent [IBD]=72%, ^=12.97, nominal P=3.2 X 10" 4 , PO.01 corrected for multiple 
t^s) and for association with markers in the region of the IR by the TDT. However, the association findings in the 
rfgion of the IR were not significant after a very stringent correction for multiple testing at the time of that 
publication (see below). We concluded that follistatin (FS) and the IR were high priority candidate genes for PCOS. 

We investigated the possibility of genetic variation in FS (23). Such variation might lead to overexpression or 
uicreased binding activity of FS that could contribute to the pathogenesis of PCOS by resulting in arrested 
folliculogenesis, increased thecal androgen secretion, decreased FSH release, and decreased insulin secretion We 
found no evidence for sequence variants mat play a major role in PCOS. We found a nominally significant 
association of a single nucleotide polymorphism in exon 6 by the TDT analysis that did not remain significant after 
correction for multiple tests. There were no differences in FS expression in PCOS fibroblasts. We concluded that 
variation m FS did not play a major role in PCOS. 
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Table U Metabolic Parameters infl B of PCOS Probands fm^n + sn\ 




PCOS 




! UA 


Control 


P 


Ghicose 
mg/dL 


OQJ.QC 


83 ± 8 


87±8 C 


84±8 


<0.001 


Insulin 
^U/raL 


24±ll a 


19 ±12* 


14±7 


14±8 


O.001 


Glucose: Insulin 
Ratio 


4.6 ±23* 


5.6 ± 2.6 s 


73±2.6 b 


7.5 ±33 


O.001 



and control; significant vs HA and UA; 9 significant vs HA, UA, and control 
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In the original series the marker 10B884 in the 
regj|^>f the IR showed the strongest evidence for 
association in 168 trios in the TDT analysis, 
X 2 =8.53, although this result was not significant 
after using a Bonferroni correction for testing 
-350 alleles (7). However, in our second data set 
of 190 trios, D19S884 still has the strongest 
evidence for association, as well as in the 

combined data set of 358 trios, y^USS, 
P=3.21xl0^ (8). There is now also evidence for 
linkage in the IR region with IBD^ 63%, 
xH.784, P=3.04 x 10* 3 in 98 ASP (8). In 
addition, a case-control study also found that an 
allele of D19S884 was significantly associated 
with PCOS, providing support of our f 
indings in an independent sample (12). We are 




Chromosome 19p 



Figure 2. TDT analysis of chromosome 19p, D19S884 y?~\2.9S, V=32\x\Q A with 220 
transmissions. Solid bar DS19S884, gray bar IR, dotted line x^=4, nominal P=0.05. 



performing simulation analyses to determine empirically the significance of our association findings (84). 
However, this association finding has been replicated in our second sample of femilies as well as in an independent 
case-control study, and there is also evidence for linkage using the ASP analysis. The evidence for association in the 
TDT analysis suggests that D19S884 is in linkage disequilibrium with the PCOS susceptibility gene. Taken 
together, these findings provide strong evidence to implicate a gene close to D19S884 in susceptibility to PCOS 
(©11). Moreover, since the required sample to detect "signal" is inversely related to the increase in disease 
s^ceptibility conferred by a gene, these significant findings in a feirly small sample size suggest that this locus 
cHtains a major susceptibility gene for PCOS (84). 
■f 

Tie marker D19S884 maps to 1 Mb centromeric to the IR, and linkage disequilibrium is usually maintained only 
dg>r much smaller regions (85). A gene other than the IR most likely accounts for the association of D19S884 
(flfgure 2). It remains possible that this gene may still regulate IR function or expression or that it may be another 
ggie involved in insulin action. Alternatively, this gene may be related to other biologic pathways in PCOS. There 
several intriguing known genes in this region: 1) SCYA25, a thymus-expressed cytokine (86), 2) MAP2K7, a 
^gen activated serine/threonine kinase that activates c-Jun N-terminal kinase (JNK) in response to activation by 
jwth fectors, cytokines and stress (87) and 3) resistin, a recently identified cytokine, which is expressed in 
oocytes, down-regulated by thiazolidinediones, and that induces insulin resistance in rodents (88). 

dur studies in PCOS cultured skeletal muscle (see below) suggest that an extrinsic factor produces insulin resistance 
in this tissue in vivo, and cytokines, such as resistin or SCYA25, are excellent candidates. MAP2K7 is a candidate 
serine kinase for the increased serine phosphorylation we have identified in PCOS fibroblast ERs (32). These 
potential mechanisms are examples of how our cellular and molecular studies can suggest which candidate genes 
should be given priority for further study. We have investigated whether resistin is associated with PCOS. We 
typed a SNP in the 5' untranslated region of the resistin gene and used the TDT test for association in 258 families. 
We did not find any evidence for association with PCOS in general, in PCOS women who were obese (BMI>27 
kg/m ), or in PCOS women who were insulin resistant (glucoserinsulin ratio <4.5, see above) (manuscript in 
preparation). We are intensely searching for the PCOS susceptibility gene near D19S884, but identifying it may take 
a considerable amount of time (Project 2), as has been the case for certain of the maturity onset diabetes of the young 
(MODY) genes and NIDDM1 (i.e. calpain 10) (14;89;90). Nevertheless, we can investigate the metabolic 
phenotype associated with allelic variation at this marker even before the susceptibility gene is identified (see below) 
(15;16;17). 
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C3. Genotype - Phenotype Anah^^(Table 2, Figures 2-4). 
We have investigated whether tl^BboS/HA allele, A8 of 
was associated with 

fea 
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any metabolic phenotypic 



in PCOS women. To control for the confounding effect 
of obesity and ethnicity on insulin action, we limited the 
population to obese Non-Hispanic White individuals (81). We 
combined homozygous and heterozygous carriers of D19S884 
A8 in the A8(+) group. Approximately 30% of PCOS women 
are A8(+) by this definition. The frequency of allele 8 Centre 
d'Etude du Polymorphisme Humain (CEPH) femilies was 
20.6%. Control women were age-, ethnicity-, and BMI- 
comparable, reproductively-normal women (n=64). We had 
data on 75 g OGTT 0 h and 2 h glucose and insulin responses in 
32 A8(+) PCOS and 81 A8(-) PCOS (Table 2). We performed 
FSIGT studies in 6 A8(+) PCOS and 16 A8(-) PCOS. In the 
OGTT group, A8(+) PCOS women were significantly younger 
than the A8(-) group so all analyses were adjusted for age by 
analysis of covariance (ANCOVA). There was a significant 
age*BMI interaction (PO.05), and BMI increased with age in 
A8(+) and remained stable in A8(-). A similar trend was found 
for blood pressure but did not achieve statistical 
sgnificance (P=0.06). There were no significant differences 
infesting glucose or insulin levels or in glucoserinsulin ratios. 
TSgNe parameters were significantly increased in both A8(+) 
ai*|. A8(-) PCOS compared to age-, weight-, and ethnicity- 
c#iparable, reproductively-normal control women. This result 
inconsistent with the presence of similar degrees of insulin 
rgstance in A8(+) and A8(-) PCOS women. However, 2 h 
psst-challenge glucose levels were significantly increased in 
/|8(+) PCOS compared to A8(-) PCOS and to control women 
(g0.05, ANCOVA) (Table 2, Figure 3C). Post-challenge 
nilm levels did not differ in the A8(+) and A8(-) PCOS 
gSups and were higher than in the control women; mis result is 

f JX?i52? n ^ women > but this difference did not achieve statistical significance 

(data not diown) There were no other significant differences in hormonal parameters in the A8(+) and ASM PCOS 

EELS °?- A V PC °. S W ° m r Wh ° ^ FSIGTs were weU &r age and 2). £ey 

had virtually identical insulin sensitivity (SI) values indicating mat Ihey had similar degree of insulin resistance 

SSf 1 {f 00 !!?* Z J™ ksulin levels subst ^tially lower in the A8(+) PCOS (Figure 3A 

and 3B). The striking : differences in insulin responses during the FSIGT are depicted by the shaded area inKgure 

Am ™ ^TTiZ ^l" 18 "^ re fP onses to tolbutamide were much lower in A8(+) PCOS women suggests that 
tiiere may be a defect m the sulfonylurea receptor (91). Dr. Levine has evidence to indicate that this defect may be 
^ *S?VS K atp Chamels in fte fi - ce11 ^oject 4). When expressed as Sunder me^urv 

i m$^™s^£^ 2 r°"* ied * Ms very sample of 





^A8(+) 


A8(-) 
(n) 


P 


AGE 
yr 


i 27±1 
(82) 


30±1 
(160) 


U.UUo 


BMI 

mm* 

kg/m 2 


37.4 ±0.8 


38.4 ±0.6 
(160) 




Systolic 
mra/Hg 


126±2 
(60) 


122±1 
(119) 


u.uo 


Diastolic 
mra/H« 


76±1 
(60) 


75±1 
(118) 


0.2* 


0 h Glucose 
rag/dL 


93±2 
(81) 


91 ±1 
(160) 


0.2' 


2 h Glucose 
nig/dL 


153 ±8 
Q2) 


137 ±4 
(82) 


0.03 a 


0 b Insulin 
nU/mL 


I 29±2 
(80 


29±l 
058) 


1.0* 


2 b Insulin 
uU/mL 


| 168± 16 
(3D 


167 ±14 
(80) 


0.5° 


Prolnsulin 
pmol/L 


25±2 
(77) 


22 ±1 
(152) 


0.3* 


FSIGT 




AGE 
yr 


26±3 
(6) 


27±1 
(16) 




SI 

xKrVmin/nll/ml, 


2.0 ±0.5 
(6) 


2.0 ±0.5 
(16) 


1.0 


SG 
xlO 2 


2.1 ±0.2 
(6) 


U±0.1 
(16) 


03 


DI 

JrtO^/mln 


115±23 
(6) 


126 ±24 
(16) 


0.8 


AIRg 
HU/mL 


57 ±14 

w 


67±5 
(16) 


0.4 


AUC Insulin 2-10 
uVfmt, 


680 ±105 


806 ±57 
(16) 


03 


AUC Glucose o-iso 
mg/dL 


19729 ±1424 


18222 ±574 
(16) 


0.2 


AUC Insulin o-iso 
liV/mL 


10615 ±2871 
(6) 


15254 ± 2869 
06) 


0.2 


AUC 
Insulin: Glucose o-iso 


0.51 ±0.10 


0.81 ±0.13 
06) 1 


0.09 



tteraction 
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We investigated whether there 
phenotypic differences in A8(+) (1 ^ 
andg^(-) (n=39) obese brothers of 
PC<^^>robands. The groups were well 
matched for age and BMI. Proinsulin 
levels, proinsulinrinsulin molar ratios 
and TTG levels were significantly 
increased in A8(+) brothers compared to 
A8(-) brothers (Figure 4). HDL levels 
tended to be lower in A8(+) brothers 
(35±2 A8(+) vs 40±2 A8(-) mg/dL, 
P=0.053). Very few brothers had 
OGTTs so responses could not be 
analyzed. DHBAS levels tended to be 
higher in the A8(+) brothers (data not 
shown). 

To determine whether A8 had an impact 
on metabolic parameters in normal 
individuals, we examined A8(+) (n=20) 
and A8(-) (n=26) obese unaffected 
spiers as defined above. There were no 
s^nificant differences in fasting 
rfailtabolic parameters, but too few sisters 
hsfi OGTTs so changes similar to those 
iiFthe PCOS sisters may have escaped 
Jection. We also plan to perform 
se analyses in A8(+) vs A8(-) 
rents. We had too few individuals 
|P were homozygous for A8 in any of 
3 groups to study the impact of gene 
sage. Most of the A8(+) individuals 
i heterozygous. 



Principal InvestlQator/Proa ram Director (Last first, middle): 



Dunaif. Andrea 




Control 



Allele 8fr) Allele 8(») 
PCOS 



Control 



Allele 8fr) Allele 8W 
PCOS 



Figure 3. FSIGT glucose (A) and insulin (B) responses and 2 h post-75g glucose (C) and insulin (D) 
levels in obese A8(+) and A8Q PCOS women. Tolbutamide, 500mg iv, given at 20 min of the 
FSIGT. The shaded area in panel B is the difference in insulin responses in A8(+) vs A8(-) PCOS. 
*P<0.05 vs weight matched control women, **P<0.05 vs A8(-) PCOS, by ANCOVA adjusted for age. 



t a have identified significant changes in BMI with age and in post-challenge glucose levels in A8(+) PCOS 
women. The lack of similar increases in post-challenge insulin levels suggests a failure of compensatory insulin 
secretion in the A8(+) PCOS. An independent test of insulin action, the FSIGT, performed in a small subset of these 
A8(+) PCOS also suggests decreased insulin secretion. The magnitude of insulin resistance appears to be similar in 
the A8(+) and A8(-) PCOS. However, OGTT parameters of insulin action are relatively insensitive, and the sample 
size for the FSIGT was quite small. Accordingly, both insulin secretion as well as action needs to be assessed 
directly to determine the metabolic impact 
of A8. Further, the association of 
increasing BMI with age was found in 
cross-sectional data and needs to be 
confirmed in prospective studies. 



The A8(+) brothers also appear to have a 
metabolic phenotype consistent with the 
insulin resistance syndrome (92;93), The 
increase in proinsulin levels and the 
proinsulinrinsulin molar ratio in A8(+) 
brothers suggests that they may also 
have p-cell dysfunction (94;95). These 




Allele 8(-) Allele 8( +) 
Brothers 



Figure 4. Fasting proinsulin, proinsuliruinsulin and total triglyceride levels in obese A8(-) and 
A8(+) brothers of PCOS women, *FO.05. 



a PHS 398*2590 (Rev. 05/01) 



Pbqq 

14 



Continuation Format Page ° 



2 — Principal InvesbaatoryPmqram Director Oast first middle* _ DUQajf, Andrea 

findings are similar to the trends thg^ noted in the comparison of PCOS bn>th<^fccontrol men (see above) and 
now achieve statistical significanc^in the population is stratified by A8 status^his very important result may 
projgfc a way to identify the affected brothers of PCOS women, i.e. those who are A8(+). Proinsulin levels were 



higfl^ui A8(+) brothers (Figure 4) than in A8(+) PCOS probands (Table 2) suggesting that there may be sex 
differences in the metabolic phenotype. We had insufficient data to determine whether A8 was associated with a 
metabolic phenotype in the reproductively unaffected A8(+) sisters. 

We recognize that we have performed a number of statistical tests and that some of the significant differences may 
represent false positive results. Nevertheless, both OGTT and FSIQT responses as well as the results in different 
study groups have all provided similar data. Taken together, these associations between A8 and metabolic 
phenotypes in PCOS women and male first-degree relatives provide strong support for the hypothesis that a gene in 
the region of D19S884 plays an important role in insulin action and/or secretion. There appear to be additional 
susceptibility genes for insulin resistance in PCOS since A8(-) PCOS women also have evidence for defects in 
insulin action. 



C4, Acquired Insulin Resistance in PCOS Skeletal Muscle 
(Table 3). We performed this study to determine whether the 
defects that we detected in acutely isolated skeletal muscle were 
intrinsic. Myoblasts were harvested from Bergstrom needle 
biopsies of the vastus lateralis and grown in primary culture 
usuig the method of Henry et al.(36;37;96;97). There were no 
" nificant differences in population doubling time or cell 
aber in PCOS compared to control myoblasts. There were 
| significant differences in the fold-stimulation of glucose 
lisport or glucose incorporation into glycogen CTable 3). 
j|ere were significant increases in basal glucose transport 
ble 3) in PCOS compared to control. This finding may be 
plained by significant increases in GLUT1 abundance in 
^OS. GLUT4 abundance was similar in PCOS and control 
iggotubes. Metabolic signaling pathways were similar in PCOS 

ft control myotubes whereas mitogenic pathways were 
egulated in PCOS. Basal mitogen-activated protein kinase 
J&jase (MEK) phosphorylation tended to be increased, and 
iigulin-stimulated MEK phosphorylation was significantly 
ifgreased in PCOS without a change in MEK abundance. 
Consistent with this activation of MEK, p44/42 MAPK 
phosphorylation (detected by an antibody that recognizes p44 
and p42 MAPK only when dually phosphorylated at thr202 and 
tyr204; the p44 and p42 bands were quantitated together) was 
significantly increased at baseline and in response to insulin in 
PCOS without any change in the abundance of these signaling 
proteins. There was a significant increase in p44/42 MAPK 
phosphorylation at baseline in PCOS skeletal muscle biopsies 
(63+9 PCOS n=8 vs 30±6 n=8 control, % internal standard, 
P<0.05) without changes in MAPK abundance. 

There were constitutive increases in glucose uptake, GLUT1 abundance and p44/42 MAPK activation in PCOS 
myotubes. The increase in MAPK phosphorylation in skeletal muscle biopsies indicates that the findings in cultured 
myotubes are not an artifact of the culture conditions. Activation of growth related MAPK pathways has not been 
found in other insulin resistant states and is another unique feature of the PCOS phenotype (36;37;38;96;98). The 
p44/42 MAPK pathway is activated by growth factors such as insulin and regulates cell proliferation, cell survival 
and gene expression (99;100). Enhanced signaling through these pathways, basally and in response to insulin, may 
contribute to some of the PCOS phenotype. 





Control 
(n*8) 


PCOS 

(n=*7) 


P 


\yiuuiac iruusporc 








Basal nmol/mg/min 


13.4±13 


19.8 ±2.2 


0.02 


100 nM 


19.0 ±2.1 


26.8 ±3.2 


0.06 


Fold 


1.4 ±0.4 


1-35 ±0.04 


NS 


Glycogen synthesis 








Basal nmol/mg/h 


4.7 ± 0.5 


7.0 ±1.2 


NS 


100 nM 


12.1 ±1^ 


19.4 ±4.5 


NS 


roid 


2.6 ±0.1 


2.7 ±0.2 


NS 


Protein abundance 








IR3* 


87 ±38 


93 ± 13 


NS 


IRS-1* 


154 ±30 


253 ±46 


0.07 


ms-2* 


69±U 


76 ±15 


NS 


p85* 


136 ±52 


118±36 


NS 


GLUT 1* 


106 ±32 


184 ±48 


0.02 


GLUT 4* 


96 + 7 


96±8 


NS 


Tyrosine 
phosphorylation 








IRBlOOnM* 


34±6 


39±4 


NS 


IRS-1 100 nM* 


42 ±15 


32 ±11 


NS 


PI34dnase activity 








IRS-1 -associated 








Fold 


17±2 


18±6 


NS 


IRS-2 - associated 








Fold 


8±1 


9±1 


NS 


Phospbo MAPK 
P44/42* 








Basal 


28 ±10 


94±9 


0.003 


100 nM 


68 ±23 


206 ±35 


0.02 


MAPK* 


122 ±22 


108 ±13 


NS 


Phospho MEK* 








Basal 


49±45 


88 ±20 


NS 


100 nM 


118 ±45 


293 ±47 


NS 


MEK* 


196 ±32 


157 ±32 


0.04 
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C5. Mechanisms for Acquired I^^s in Insulin Action in PCOS: Role of iBf and TNF-a in PCOS. We 
con^je that decreases in IMGD and IRS- 1 -associated PI3 -kinase activity in PCOS resolve in cultured skeletal 
mus^Psuggesting that these defects are acquired secondary to in vivo environment (3 1). Candidate factors that could 
modulate insulin sensitivity include androgens, FFA, TNF-a, resistin and adiponectin (42;43). Fasting FFA levels 
were significantly increased in obese PCOS (n=8) compared to control (n=7) women of comparable age and weight 
(434± 46 control vs 607 ± 58 PCOS (imol/L, P<0.05), despite higher fasting insulin levels (13 ± 2 control vs 22 ± 5 
PCOS ^lU/mL) in PCOS, a finding consistent with resistance of FFA suppression by insulin in vivo. The FFA levels 
were similar to those in women with upper-body obesity (101). TNF-a levels were not significantly increased in 
obese PCOS (n=20) compared to weight- comparable control (n=12) women (7 ± 2 control vs 6 ± 1 PCOS pg/mL) in 
contrast to prior reports (102;103). 

It is also possible that there is increased sensitivity to FFA or TNF-a actions in PCOS. To investigate this 
hypothesis, we examined the impact of incubating cultured myotubes from PCOS (n=7) and control (n=7) women 
with the FFA palmitate (0-1 mM) for the last 48 h during the 4 d differentiation process or with TNF-a (0-25 ng/mL) 
for 2 h. (104-107). Palmitate caused a significantly greater decrease in both basal as well as insulin-stimulated 
glycogen synthesis in PCOS than in control (both P<0.05), whereas TNF-a had a similar effect to decrease glycogen 
synthesis in PCOS and control myotubes. These findings were presented at the 61 st Scientific Sessions of the 
American Diabetes Association, June 2001, abstract 1 107P, and the manuscript is in preparation (46). 

C^. Relevant Publications 

□ 
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2g Legro RS, D Driscoll, JF Strauss, J Fox, A Dunaif. Evidence for a genetic basis for hyperandrogenemia in the 
g polycystic ovary syndrome. Proc Natl Acad Sci USA 95: 14956-14960, 1998. 
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ten with polycystic ovary 



Hypothesis for prenatal androgen 
programming of females for PCOS 



11. Legro RS, M Urbanek, AR KuMriman, BE Leiby, A Dunaif Self select 
syndrome are reproductively an^pkbolically abnormal. Fertil SteriL in press/ 

l2 ' ^ ^ Kunsehnan > L Demers, SC Wang, R Bentley-Lewis, A Dunaif Elevated dehydroepiandrosterone 
sulfete levels as the reproductive phenotype in the brothers of women with polycystic ovary syndrome J Clin 
Endocrinol Metah T in press, 2002. ' 

13. Legro RS, R Bentley-Lewis, D Driscoll, SC Wang, A Dunaif. Insulin resistance in the sisters of women with 
polycystic ovary syndrome: association with hyperandrogenemia rather than menstrual irregularity J Clin 
Endocrinol Metab. in press, 2002, " 

C7. Hypothesis -Figure 5 

1. It is our hypothesis that variation in a gene regulating 
steroidogenesis results in hyperandrogenemia. This androgen 
excess in turn causes metabolic abnormalities in PCOS. 

Finding an A8 associated metabolic phenotype wilt support this 
hypothesis (Aims 1 and 2). 

2. This steroidogenic abnormality leads to increased androgen 
production by the fetal ovary and adrenal. The resulting 
iipauterine androgen excess results in increased LH release and 
dpreased insulin secretion (Project 3). 

W 

Fading increased fetal androgen and/or decreased fetal insulin 
l^jels in A8(+) offspring will support this hypothesis (Aim 3). 

3l3\ndrogens alter LH release and insulin secretion by changing 
tffe activity of I^atp channels in GnRH neurons and pancreatic fi- 
nite (Project 4). 

a iing decreased sulfonylurea-stimulated insulin secretion in 
Y+) PCOS (Aim 2) and decreased fetal insulin levels in A8(+) 
oring will support this hypothesis (Aim 3). 



Reproductive consequence 




Adult PCOS phenotype 



Figures. Hypothesis for genetic variation resulting in 
androgen excess, which causes metabolic and reproductive 
defects by prenatal programming. 



4. 'Androgens also program adipose tissue resulting in increased 
visceral adiposity and increased sensitivity of these adipocytes to catecholamines-mediated lipolysis 
(47;52;108;109). These changes result in increased FFA delivery to the liver, which increases hepatic glucose 
production (63). Intrauterine androgen programming decreases hepatic clearance of insulin and alters muscle insulin 
action (78; 110). 

Finding evidence for increased visceral fat, increased FFA flux, decreased suppression of endogenous glucose 
production and decreased insulin clearance in A8(+) PCOS women will support this hypothesis (Aims 1 and 2). 

5. A8 was identified in linkage studies with the reproductive phenotype of hyperandrogenemia. In adults, however 
there are no significant differences in androgen levels in A8(+) compared to A8(-) PCOS women (Preliminary 
Studies). We propose that A8 results in prenatal androgen excess. 

Finding increased fetal androgen levels in A8(+) offspring will support this hypothesis (Aim 3), 

6. Insulin sensitivity appears to be similar in A8(+) and A8(-) adult PCOS (Prelhninary Studies). We propose that the 
major effect of A8 is on insulin secretion and that we propose that additional genetic factors contribute to insulin 
resistance in PCOS since defects in insulin action are present in A8(-) PCOS (Preliminary Studies). 
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Finding similar defects in insulin-n^^ed glucose disposal in A8(+) and A8(-) F^ft wiU support this hypothesis 

,A 'W 

D. RESEARCH DESIGN AND METHODS (subject selection and detailed methods follow the Study 
Protocols) 

Dl. Aim 1. To test the hypothesis that homozygous or heterozygous PCOS carriers of the marker allele, allele 
8 IA8(+)] of D19S884, are more insulin resistant than women without this allele [A8(-)]. 

a. Rationale. We will test for metabolic phenotypic differences corresponding to allelic variation at the D19S884 
marker, A8, which is both linked and associated with PCOS, in Aims 1 and 2. This approach has been employed 
successfully to characterize phenotypes in MODY1 and MODY3 well before the genes at the marker locus were 
identified (15-17;1 1 1). This approach has also been used to investigate linked intermediate metabolic phenotypes in 
genome scans for DM2 (18;19). The presence of an associated phenotype provides additional evidence that the 
marker is in linkage disequilibrium with a susceptibility gene (5). 

We could also assess the impact of a variety of other genetic variants that have been associated with metabolic 
phenotypes in PCOS (e.g. IRS-1, IRS-2) and in the general population (e.g. 03-adrenergic receptor, PPAR-y) 
(24;27). Further, we may identify new PCOS susceptibility loci in our femily studies. However, each additional 
^ne/locus that we investigate increases the probability of felse positive results (5). These analyses need to be 
greeted for multiple testing, a step which will decrease our statistical power. Accordingly, we will investigate only 
giants where there is considerable evidence to support a potential role in PCOS. We may gain some insight into 
overall role A8 plays since we will genotype all of our control subjects for A8 and will assess whether there are 
' differences associated with A8(+) status. 

|r preliminary studies suggest that A8(+) PCOS women do not differ in terms of insulin sensitivity compared to 
§(-) PCOS women. However, this finding needs to be verified with direct measurement of insulin action with the 
jjfucose clamp technique (112). If A8(+) PCOS women have decreased insulin secretion, they may also have 
ipreased FFA flux and EGP compared to A8(-) PCOS women(113). These parameters will also be measured 
4pectly. A sequential multiple dose euglycemic clamp will be performed so that insulin sensitivity as well as 
ip|ximal responsiveness can be examined (57). Our preliminary studies also suggest that A8(+) PCOS women may 
gtpi weight more quickly than A8(-) women (Preliminary Studies). Thus, it is possible that this allele is associated 
-\gih alterations in adiposity and body composition will be directly measured (1 14). 

ni 

b. Experimental Approach. We will determine body composition and fat topography on all subjects so that we 
can match subjects on these parameters. Our previous studies may have fiuled to detect differences in suppression of 
EGP by insulin in lean PCOS compared to lean control women because we did not study sufficiently low doses of 
insulin (57). Accordingly, insulin doses of 2.5, 10, 40 and 400 mU/m 2 /min will be administered. The 2.5 
mU/m /min insulin dose will produce steady-state insulin levels of -40 pM to permit the assessment of EGP 
sensitivity to insulin (57). The 10 mU/m2/min insulin dose will produce steady-state insulin levels of -150 pM (57). 
We have previously determined that maximal rates of insulin-mediated glucose disposal are achieved with an insulin 
dose of 400 mU/m2/min (57). EGP will be measured using [6,6-2H]-glucose and steady-state tracer kinetics 
(57, 1 1 5). 



Somatostatin (SRIF) will be administered to suppress endogenous insulin secretion so that insulin levels can be 
matched across study groups (116;117). GH will be replaced because it has an important impact on lipolysis and 
because differences in GH levels have been reported in PCOS compared to control women (1 18;1 19). Glucagon will 
not be replaced to avoid hyperglycemia and because differences in glucagon levels and the suppression of glucagon 
by insulin have not been found in PCOS (A Dunai£ unpublished observations) (56). However, glucagon levels will 
be determined during the study, and glucagon will be replaced if differences in glucagon levels in PCOS compared 
to control women are detected. It will be necessary to allow only 2 h for the glucose tracer to achieve steady-state 
because all subjects will have fasting euglycemia (57). 
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*• 5^^ects. Age- and weight-matched A8(+) and A8(-) PCOS and control women 
ii. Visit. Sequential multiple dose euglycemic clamp 
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Dose -Response Euglycemic Clamp 



-120 



10 



-90 



-5 0 



40 



120 



400 mU/ m V mb insulin 



240 



360 



480 mln 



d. Endpoints. Total fat mass, visceral fet mass, IMGD, ED 50 insulin for stimulation of IMGD and ED 50 for 
suppression of EGP and lipolysis will be determined from the euglycemic clamp study (57;101;1 17). Flux data will 
be examined both per kg fat-free mass (FFM) and per kg total fat mass. SI will be determined by muii™^ model 
analysis of the FSIGT glucose and insulin values (120;121). The disposition index will be determined as the product 
of (1) SI and AIRg from the FSIGT and (2) of the insulin secretion rate from Study 2 and IMGD (121-124). 

Anticipated Results/Potential Limitations/Alternative Approaches/Future Studies. These studies will 
bvide a comprehensive overview of insulin action in A8(+) and A8(-) PCOS women. We anticipate that insulin 
j^itivity will be similar in A8(+) and A8(-) individuals and that both groups of PCOS women will be more insulin 
istant than control women. If we find that both A8(+) and A(-) PCOS have similar degrees of insulin resistance 
npared to control women, this will suggest that there are additional genes that produce insulin resistance in PCOS. 
^ will genotype all control subjects for A8 but will not exclude A8(+) subjects. If A8 is associated with a 
metabolic phenotype in the general population, it will be more difficult to detect differences in PCOS subjects 
compared to control populations with A8(+) subjects. However, we have been able to detect significant differences 
ifgPCOS women, and their male as well as female first-degree relatives compared to control subjects without 
Ratifying the control population on the basis of A8 (Preliminary Studies). We are measuring insulin action with the 
T|pld standard" method the euglycemic clamp (112; 125). We will also measure insulin sensitivity with an FSIGT 
<ft?5). 

o 

f& are employing a matched study design of A8(+) compared to A8(-) PCOS women to give us the maximum 
statistical power. We are also including a control group to assess the impact of PCOS, in addition to A8 status on the 
parameters under study. Both groups of PCOS women will be matched based on BMI, total adiposity and visceral 
adiposity, age, and ethnicity (see Subjects Section D4 below). In Aims 1 and 2 we will not investigate the 
independent impact of obesity. We anticipate that the majority of our PCOS subjects will be obese. If we find that 
there are metabolic differences related to A8, in future studies we will investigate the independent impact of obesity. 

While the possibility exists, it is highly unlikely that the signal at the marker locus D19S884 is a false positive result 
since we have replicated the association in a second sample of families, the association has also been replicated in an 
independent case-control study, and there is linkage at the marker locus by affected sib pair analysis (Project 2). The 
marker locus is also associated with a metabolic phenotype. This evidence is already much stronger to support the 
presence of a PCOS susceptibility gene in this region than the reported associations of variants in many other 
candidate genes that have not been detected by linkage analysis (1 1 £6;27). The feet that we can detect this region in 
linkage analysis in a relatively small sample of affected sib pairs suggests the locus contains a susceptibility gene 
with a large effect (84). The identification of this same marker in the TDT analysis suggests that 'the marker is very 
near to the susceptibility locus because linkage disequilibrium is maintained over relatively small genetic distances 
(9;126). 
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D2. Aim 2. To test the hypothes^tot A8(+) PCOS women have more proft^^defects in insulin secretion 
compared to A8(-) PCOS women. 

a. l^^onale. Our preliminary studies suggest that A8 is associated with decreased insulin secretion since 2 h post- 
challenge glucose levels are significantly higher whereas insulin levels are not increased in A8(+) PCOS women. 
Consistent with this hypothesis, insulin levels are decreased and glucose levels increased in A8(+) PCOS women 
during FSIGTs. These changes most likely reflect decreased p-cell responses to glucose and/or sulfonylurea (since 
there were decreased insulin responses after IV tolbutamide during the FSIGT, Preliminary Studies) (91;111;127). 
The mechanism for this abnormality could be either decreased sensitivity to glucose as is found in MODY due to 
glucokinase mutations or decreased maximal responsiveness, suggesting diminished P-cell mass as is seen in DM2 
(111;127). Decreased responses to tolbutamide could also be secondary to a defect in the sulfonylurea receptor 
(Project 4) (91). It remains possible that these changes in insulin levels reflect abnormalities in insulin clearance or 
in an incretin (120). 

b. Experimental Approach. No consensus has been reached on the best method to assess islet function (128-130). 
Accordingly, we will utilize well-validated methods that have been employed to delineate islet cell function in 
conditions such as DM2, IGT and MODY (111;130-132). Because we will perform several tests of islet fimction as 
well as tests of insulin action (Aim 1) in the same subjects, blood volume requirements must also be considered in 
selecting these tests. Insulin responses to oral glucose and to a mixed meal will be assessed to investigate whether 
there are defects to suggest the possibility of decreased secretion of an incretin, such as glucagon-like peptide- 1 
(GLP-1) (133;134). GLP-1 levels will be measured during these oral challenges using an assay that measures the 

' ~ Jive form of this rapidly degraded hormone. An actual mixed meal will be given rather than a liquid meal to better 
5 eate the physiologic situation (135; 136), A graded glucose infusion will be performed to examine the dose- 
onse features of insulin secretion. This test will allow the assessment of P-cell sensitivity to glucose 
1 1 ; 137; 13 8). Insulin secretion rates will be determined during the graded glucose infusion by deconvolution of C- 
tide kinetics. It is no longer possible to directly measure C-peptide clearance in humans because recombinant 
C-peptide is no longer manufactured. Fortunately, the population-derived standard C-peptide clearance 
jSyameters for subjects of similar age, sex, and body surface area have previously been validated in PCOS women 
% direct measurement of C-peptide clearance by Polonsky and Ehrmann (139-141). These parameters will be used 
tfgderive insulin secretion rates. 

TtJ assess maximal P-cell secretory capacity as well as a-cell function, we will perform a glucose-dependent arginine 
^nulation test as modified by Larsson and Ahren (127;130). A maximally stimulating dose of arginine (5 g) will 
1§I administered at baseline and at 13-15 mmol/L glucose. After a 2.5 h washout necessary to prevent a priming 
JSect of prior hyperglycemia, arginine will be administered again at >25 mmol/L glucose (maximally stimulating 
glucose for insulin release) (127). This test measures glucose potentiation of insulin secretion and glucose inhibition 
of glucagon secretion as well as basal and maximal P- and a-cell secretion (130). Subtle defects in proinsulin 
processing can also be unmasked with this test (142). The blood volume requirements for this test are less than for 
arginine-hyperglycemic clamp protocols, which yield similar information (127; 143). Defects in aj^nine-stimulated 
glucagon as well as insulin secretion have been found in MODY due to mutations in HNF-4a and in postmenopausal 
women at risk for glucose intolerance (111 ;144). 

We will also perform an FSIGT with tolbutamide to assess acute insulin responses to intravenous glucose and insulin 
responses to tolbutamide since our preliminary studies show that the latter are markedly decreased in A8(+) PCOS 
(Preliminary Studies) (120). This test also permits the assessment of SI and the disposition index (145). We will 
compare the FSIGT to more complex tests of islet function to determine whether the FSIGT can be used alone in 
fixture studies. We will relate insulin secretion rates to insulin sensitivity determined by euglycemic glucose clamp 
(the disposition index) in Study 1 (132;146). All subjects will have normal glucose tolerance to remove the 
confounding effects of hyperglycemia on the study outcomes. 

c. Protocol Study 2 

i. Subjects. Age- and weight-matched A8(+) and A8(-) PCOS and control women 
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ii. OGTT. Performed as part of sc^fcg visit 1 (see below) 

iii. 1. Meal tolerance test with 500-calorie test meal consisting of 55% carbohydrate, 15% protein, 30% fet 

iii. Visit 2. Graded glucose infiision 

iv. Visit 3. Glucose-dependent arginine stimulation test 

v. Visit 4. FSIGT with tolbutamide 

d. Endpoints. The endpoints for the OGTT and meal tolerance test will be glucose, insulin and GLP-1 levelS and 
area-under-the-curve (AUC) (133; 135; 136). Insulin secretion rates will be the endpoint in the graded glucose 
infusion (147). Insulin secretion and clearance rates will be measured by deconvolution of C-peptide kinetics using 
population-derived parameters (139;140;148). Acute insulin (AIR), C-peptide (ACR), proinsulin (APR) and 
glucagon responses (AGR) will be determined at each glucose level during the glucose-dependent arginine 
stimulation test The slope of these parameters between baseline and 14 mmol/L glucose will be used to assess 
glucose potentiation of insulin secretion and glucose inhibition of glucagon secretion (130; 142). The 
proinsuliniinsulin ratio will be determined as a measure of proinsulin processing (142). Acute insulin response to 
glucose (AIRg) will be determined as AUC insulin levels from 2-10 min, and insulin responses to tolbutamide will 
beAUC insulin levels 22-180 min of the FSIGT (120; 126; 149). 
01 

eP Anticipated Results/Potential Limitations/Alternative Approaches/Future Studies. These studies will 
^vide a comprehensive overview of insulin secretion in A8(+) and A8(-) PCOS women. We anticipate that A8(+) 
?OS women will have decreased glucose and tolbutamide-stimulated insulin secretion compared to A8(-) PCOS 
|men. We expect that PCOS women will have defects in insulin secretion when compared to control women, 
|ependent of obesity, consistent with our previous studies. Potential differences in oral glucose or meal- 
_ lulated, compared to intravenous glucose-stimulated insulin secretion, would suggest differences in the secretion 
'an incretin (133; 150). The only incretin that we will measure is GLP-1 (133). In utero testosterone exposure 
pauses defects in insulin secretion in female rhesus monkeys, and this effect will be explored further in Dr. Abbott's 
~ pject (Project 3). Dr. Levine (Project 4) has preliminary evidence to suggest that androgens decrease the activity 
SIC atp channels. Sulfonylureas stimulate insulin secretion through activation of one of these K + atp channels, 



^wn as the sulfonylurea receptor (91). Since androgens can decrease the function of these channels (Project 4), a 
dfgjrease in sulfonylurea-stimulated insulin secretion could reflect androgen programming. This finding would 
^afegest that A8(+) PCOS were exposed to higher androgen levels during development This hypothesis will be 
directly tested by measuring amniotic fluid androgen levels in A8(+) and A8(-) female PCOS offspring in Aim 3 of 
this Project. 



There are a variety of methods to assess insulin secretion; no "gold standard" exists (128;130;132;137;149;151). 
The methods that we have selected have been used successfully to characterize the different defects in islet cell 
function in the various types of MODY (111). Hyperglycemic clamp studies and studies of pulsatile insulin 
secretion would be of interest but require large volumes of blood (152-155). These studies can be considered in the 
future if secretory defects are detected in the initial series of islet tests. Further, if a consensus develops on the best 
method for assessing (J-cell function, we will certainly employ it 

D3. Aim 3. To test the hypothesis that there is in utero testosterone excess, altered insulin secretion and/or 
intrauterine growth retardation in the female offspring of PCOS women. To determine whether A8(+) female 
offspring have more profound changes in these parameters compared to A8(-) female offspring. 

a. Rationale. A key component of the hypothesis of this SCOR is that there is intrauterine androgen excess in 
PCOS. To test this hypothesis, we will determine whether there are increased levels of T or other androgens in the 
amniotic fluid in PCOS compared to control pregnancies. Steroids in all the delta 4 and delta 5 pathways of 
androgen and estrogen biosynthesis are measurable in amniotic fluid from pregnancies with normal male and female 
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fetuses. It is possible to detect signifiMrt sex differences in T and in estradiol leve^^amniotic fluid from both mid 
and late gestation as well as in cord^^R (156-163). Further, significantly elevate^Rvels have been found in late 
ges^fca amniotic fluid from diabetic mothers with female fetuses (163), This finding indicates that it is not only 
possWe to measure amniotic fluid T levels but also to find significant increases of T in amniotic fluid from female 
fetuses in certain circumstances (163). Dehydroepiandrosterone (DHEA) and its sulfate are the major products of 
the fetal adrenal (164; 165). The sex differences in fetal gonadal steroids indicate that the fetal ovary as well as the 
fetal testis are active (156;158;159,163). Ovarian theca-lutein hyperplasia has been found in female infants of 
diabetic mothers (163). Human chorionic gonadotropin and insulin can be elevated in diabetic pregnancies, and both 
of these hormones can act in synergy to stimulate ovarian androgen production (163; 166). The putative genetic 
variation resulting in hyperandrogenemia in adult PCOS women could increase fetal ovarian and/or adrenal 
steroidogenesis in affected offspring (6). 

The fetal pancreatic (3-cell function can be assessed by measuring amniotic fluid insulin levels, and these levels are 
measurable in mid gestation at the time of amniocentesis for genetic testing (167). Amniotic fluid insulin is derived 
from renal clearance of insulin and reflects integrated fetal insulin output (168). Elevated amniotic fluid insulin 
levels predict the development of maternal gestational diabetes (169). According to our hypothesis, there should be 
decreased fetal insulin secretion because of an androgen-mediated decrease in K + AX p channel activity. Decreased 
fetal insulin secretion could result in decreased fetal growth and IUGR according to the "fetal origins" or "Barker" 
hypothesis (68;71;170). IUGR is associated with the insulin resistance syndrome and, possibly, PCOS in adult life 
(171;172). Ibanez and colleagues have found an increased prevalence of low birth weight in girls with PCOS (80). 
Birth weights of prenatally androgenized monkeys are significantly lower than those of control animals (Project 3). 

Gfearly, if PCOS has a genetic component, not all female offspring will be affected. In reproductive-age female 
i^ptives we can determine affected status based on androgen levels (Preliminary Studies) (6). However, in other 
individuals the phenotype is unknown - e.g. premenarchal girls, postmenopausal women and males. Our 
mlliminary studies in the brothers of PCOS probands suggest that A8 may be able to identify an "affected" subgroup 
^Bce A8(+) males have evidence for a metabolic phenotype (Preliminary Studies). Accordingly, we will use A8 
sjatus to identify "affected" female offspring. We have designed this study so that we will have an adequate sample 
<gT A8(+) and A8(-) female offspring to determine whether any of the parameters under study differ. 

f effect of genotype of the offspring on birth weight has been reported in PCOS in one study where the magnitude 
low birth weight was associated with certain alleles of the insulin gene VNTR (173). We will also be able to 
<f|£mine the impact of maternal and fetal A8 because only 50% of the offepring of heterozygous A8(+) PCOS 
lathers will be A8(+). The impact of maternal and fetal glucokinase gene genotype on birth weight was examined 
ifiJMODY families and this study suggested that decreased fetal insulin secretion in glucokinase gene mutation 
positive fetuses resulted in low birth weight whereas this mutation in the mother with a normal fetus resulted in 
higher birth weights, an outcome that is perhaps related to maternal glycemia (174). 

b. Experimental Approach* We will prospectively examine amniotic fluid and cord blood androgen and insulin 
levels in PCOS pregnancies with A8(+) and A8(-) female offspring. To determine the effect of PCOS, we will 
include age-, weight-, parity-, and ethnicity-matched pregnant control women. All pregnant women will be 
undergoing clinically indicated week 15-19 amniocentesis for genetic testing. This time in human gestation 
corresponds to day 40-80 in rhesus gestation when testosterone will be administered to the monkeys in Project 3 
(165). Accordingly, this time will be ideal to sample amniotic fluid to test the hypothesis that androgens are elevated 
at an analogous time in PCOS pregnancies to the time of their administration to monkeys in order to produce the 
prenatally androgenized animals (Project 3). 

We will measure the androgens, T, androstenedione, and DHEA, as well as DHEAS, which is produced primarily by 
the adrenal (164; 165). Insulin and C-peptide levels will also be measured in amniotic fluid samples and cord blood. 
Cord blood will be obtained only from uncomplicated vaginal deliveries or elective caesarean section. It has been 
possible to determine sex differences in gonadal steroid levels in such samples (160). Cortisol levels will be 
measured to provide a gross index of fetal stress, which could also increase adrenal androgen levels. However, these 
levels are similar in vaginal deliveries to those in elective caesarean sections (175). Thus, as long as the vaginal 
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delivery is uncomplicated, it does j^feppear more stressful to the fetus thanca^^ra section (175; 176). Birth 
weight and anthropometric measure^Pfc will determine gestational age. PCOS offl|mg will be compared in these 
pai^pers not only to control but also to the population of infents delivered at Prentice Women's Hospital during 
the same time period. Prentice Women's Hospital is part of the Maternal Fetal Medicine Network and Dr. Wang, 
Co-Investigator, is also involved in that study. Thus, she has access to their database. In addition, our Co- 
Investigator Boyd Metzger is Principal Investigator on the Hyperglycemia and Pregnancy Outcomes (HAPO) Study 
and is establishing normative data for all of the anthropometric measurements we plan to use in a large population of 
infants at Prentice and nationwide (see below). 

In infants of diabetic mothers, fetal amniotic fluid insulin levels are strongly correlated with the magnitude of the 
weight of the fetus ascribed to excess adiposity (168;177). We will express birth weight either as a percentile rank 
relative to that expected for a reference population adjusted for gestational age or as relative weight in proportion to 
relative length of a reference population. These methods to calculate symmetry or ponderal indices define neonatal 
anthropometrics much more accurately than birth weight at arbitrary levels (178; 179). The volume/mass of 
subcutaneous fat is known to correlate with body composition. Measurements of skinfolds will be used to derive an 
index of body fat in newborns (180). Recently, Catalano et al (179) demonstrated very good correlation between 
carefully standardized measurements of flank skinfold thickness and more direct indices of body fat in newborn 
infants of Caucasian, African-American and Hispanic mothers. 

c. Protocol Study 3 

ii^a. Subjects* Pregnant PCOS and age-, weight-, parity- and ethnicity-matched control women undergoing 
iMicated amniocentesis. 
W 

^Clinically Indicated Amniocentesis. Amniotic fluid (5 ml) will be collected at the time of an indicated weeklS- 
ifg amniocentesis for genetic testing. A maternal blood sample will be obtained for DNA. 

iig Delivery. After delivery, vaginal or elective caesarean section, the umbilical cord will be double clamped, and 
cSrd blood will be obtained. The placentas will be weighed and frozen for genetic analyses. 

t o 

i|? Anthropomorphic Measurements. Birth weigjht, anthropomorphic measurements and skin folds will be 
c^ermined in the newborns. 

ra 

d§ Endpoints. Amniotic and cord blood levels of T, DHEA, DHEAS, androstenedione, insulin and C-peptide. 
Iftfnderal index (birth weight/crown-heel length 3 x 100); subscapular and triceps skin fold thickness, circumference 
of head, chest, abdomen and upper arm; and placental weight. 

e. Anticipated Results/Potential Limitations/Alternative Approaches/Future Studies. Based on our preliminary 
studies showing decreased insulin secretion in A8(+) PCOS women, it is our hypothesis that insulin levels will be 
lower in A8(+) female fetuses/offspring. We propose that the mechanism for lower insulin levels is prenatal 
androgen excess; hence, we also expect to find that androgen levels are higher in amniotic fluid and/or cord blood of 
A8(+) than of A8(-) female offspring. Finally, we expect that the A8(+) offspring will be smaller for gestational age 
because of reduced insulin levels (174;181;182). 

Only 50% of the oflspring will receive the maternal A8 allele if the mother is heterozygous. Further, since A8 is a 
common allele in the population (-20%), it is possible that the offspring may receive a paternal A8 allele. 
Accordingly, there are several possible outcomes if the A8-linked gene has an impact on the study endpoints. It is 
our prediction that only A8(+) female offspring (regardless of which parent contributed A8(+) allele) will be affected 
because the putative genetic variant directly affects fetal steroidogenesis (our hypothesis) and/or metabolic 
. parameters (also possible). In addition, an A8(+) PCOS mother may have an impact on the oflspring's phenotype. If 
this is the case we should see an effect in both A8(+) as well as A8(-) female offspring of A8(+) mothers. We may 
see an enhanced effect if both PCOS mother and female offspring are A8(+). hi MODY due to glucokinase gene 
mutations, an impact of both maternal and fetal genotype on birth weight has been found (174). Since our study is 
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designed to detect changes related tog^status in the offspring, we may not have a^Ktestatistical power to detect 
changes in these subpopulations (e.§^(+) mother, A8(-) offspring). If we havewHence for such effects, we will 
&r ^W inVeStigate MS ^ ^ Xtm studies ' Fin3 ^y> it is possible that non-genetic fectors related to PCOS status have 
an eflBet For example, it is possible that maternal hyperandrogenism and/or insulin resistance has a negative impact 
on placental development Indeed, an alternate explanation for changes observed in the prenatally androgenized 
monkeys (Project 3) is that the induction of maternal androgen excess alters placental function resulting in the 
observed phenotype. The presence of differences in placental weights in PCOS compared to control women would 
be consistent with this possibility (68). Further, the presence of changes in any of the endpoints in the majority of 
PCOS offspring independent of A8 status would suggest that there is an effect of maternal PCOS. 

According to our hypothesis, androgen levels will be higher and insulin levels lower in the A8(+) female offspring of 
PCOS than in A8(-) PCOS or in control female offepring. However, we have shown that PCOS women are insulin 
resistant independent of A8 status (Preliminary Studies), suggesting that there are additional genes modulating 
insulin action. Thus, it is possible that we will find increased insulin levels in PCOS offspring because of 
genetically-determined insulin resistance. Primary fetal insulin resistance is another cause of IUGR best exemplified 
by Leprechaunism, but there is evidence to suggest that other genetic variants that produce insulin resistance are 
associated with decreased gestational size(183;184). It is also possible that we will feil to detect changes in androgen 
or insulin levels because such changes are subtle. In humans, there is no alternative approach to address this 
question. 

Our interpretation will be that elevated amniotic fluid androgen levels reflect increased androgen secretion by the 
f|&l adrenal and/or ovary rather than maternal androgens. Endogenously produced maternal androgens are thought 
tjS>e completely aromatized into estrogens by the placenta (185). Only in instances of profound maternal androgen 
d^ess is the aromatase capacity of the placenta exceeded resulting in virilization of a female fetus (185). However, 
ifrgs possible that there is an increase in androgens in female offspring of PCOS mothers due to maternal androgen 
excess. The cord blood samples, which reflect the fetal circulation, will address this issue. 

dearly, not all infants who are small for gestational age have IUGR. Size at birth is influenced by many genetic, 
e|frironmental and nutritional fectors. Any population is expected to include a proportion of infents that are smaller 
(SpA) or larger (LGA) than expected for the gestational age. Indeed, the commonly used standards place 10% of 
tS population in each of these categories. We expect to see some well-proportioned newborns with low and high 
r^h weights. Dr. Metzger's (Co-I) HAPO Study has total sample size of -25,000 infents. The relatively large 

fnber of participants enrolled for the HAPO Study at multiple US sites, including Prentice Women's Hospital 
00 or 1750 per site), will permit the calculation of gestational age specific distributions of total body weight, 
Iffgth, chest, abdominal and head circumferences, and skin folds. We will use these data as normative data for this 
study, in addition to data that will be obtained in the concurrently studied control female ofifepring. We will also 
adjust for maternal factors such as BMI, weight gain during pregnancy, history of prior small for gestational age 
infant, maternal birth weight, parity and tobacco use in our data analyses. Our study has the advantage of 
prospectively evaluating gestational age. Other studies have been retrospective and are subject to a number of 
confounding fectors (80; 1 72). 

Approximately 50% of the women we recruit for this study will have male offspring. We will determine the sex of 
the fetus before performing hormone assays or anthropometric measurements because of budget constraints. 
However, we will collect birth weight data to determine prospectively whether there is an effect of PCOS on male 
offspring. If the current study finds changes in female oflfepring, in future studies we will investigate these endpoints 
in male offspring. 

D4. Subjects 

a. General Selection Criteria for Subjects. All subjects will be in good health with no chronic diseases. No 
subjects will smoke. No subjects will have hypertension. PCOS and control women will be between 18-40 years 
old. No subjects will be taking any medication known to affect reproductive hormone levels or carbohydrate 
metabolism for at least one month prior to the study, except for oral contraceptive agents, which will be stopped at 
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Amencan 
Indian or 
Alaska Native 


Asian 


Native Hawaiian 
or other Pacific 
Islander 


Black or 
African 


Hispanic or 
Latino 


White 


Other or 
Unknown 


Total 




0 


0 


0 


0 


0 


580 


0 


580 


?<Male> 5 


0 


0 


0 


0 


0 




0 




Unknown 


















*Total 


0 


0 


0 


0 


0 


580 


0 


580 



least three months prior to the study. No subject will engage in 3 or more 20 min sessions of aerobic exercise, and 
subjects will refrain from all exercise for 3 d prior to each study. 

b. Selection Criteria for PCOS. Only PCOS women with biochemically documented hyperandrogenemia (T 
and/or uT £ 2 standard deviations above the mean for normal ovulatory control women) and chronic anovulation (<6 
menses/y) will be studied in order to fulfill the strictest and the least controversial diagnostic criteria for PCOS. We 
have used these criteria for all of our studies of PCOS (29). Androgen-secreting tumors, Cushing's syndrome, and 
hyperprolactinemia will be excluded by appropriate tests in all PCOS women. In Studies 1 and 2, A8(+) and A8(-) 
PCOS will be matched for BMI and body composition. 

<fSelection Criteria for Control Subjects. To exclude disorders associated with insulin resistance, control subjects 
\ffll have no personal history of hypertension or hypertriglyceridemia and no first-degree relative with DM2 
0$;186). Control women will have regular menses every 27-35 days, no hirsutism (Ferriman and Gallwey score 
<% and normal T, uT, and DHEAS levels. 

d§ Pregnant Women. Pregnant women will have no history of gestational diabetes mellitus, eclampsia, pre- 
eclampsia or an y medical disorders complicating their pregnancies. They will be undergoing amniocentesis for 
genetic screening. Pregnant PCOS women will have been diagnosed with PCOS using the criteria outlined above 
^en possible. If the diagnosis was not confirmed before pregnancy, it will be confirmed after pregnancy. The 
lonal evaluation after pregnancy will be performed at least 3 months after nursing has ceased completely to 
pid the confounding effects of hyperprolactinemia. PCOS women will have non-classic congenital adrenal 
perplasia excluded by an ACTH test (see below)(187). Genetic testing will be performed if there is any doubt 
|arding this diagnosis since adrenal hyperplasia in an offspring would result in fetal adrenal androgen excess and 
t Jifound Study 3. Pregnant control women will have a history of completely regular menstrual cycles. Pregnant 
control women will have no history of hirsutism and will have no clinically significant hirsutism (Ferriman and 
Gallwey score<8) or alopecia on physical examination. Control women will have a blood sample obtained 3-6 mons 
after they have stopped nursing and resumed regular menses to ensure mat they fulfill hormonal criteria outlined 
above for control women. Any pregnant woman who develops gestational diabetes will be excluded from the 
analysis. 




e. Gender, Children, and Minorities Inclusion. There are racial and ethnic differences in insulin action, body fat 
distribution, lipolysis and birth weight (81;117;188). Thus, an additional complete sample of subjects in each of 
these groups would be required for adequate statistical power. As the sample sizes needed to address the Aims of 
this proposal are large, we will first study Non-Hispanic White women. In future studies, we will investigate the 
impact of ethnicity. Newborns, women ages 18-21 years defined as children by NIH, as well as pregnant women 
will be studied. Men will not be study at this point because the known PCOS phenotype occurs in women. In future 
studies, we will study men if we find that A8 is associated with a metabolic phenotype in PCOS women. 

D5. Screening 

a. Screening Visit 1 Non-pregnant Women. All subjects will have a history, physical examination, blood drawn 
for T, uT, DHEAS, prolactin, TSH and DNA. They will have 75 g glucose OGTT in the post-absorptive state after a 
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i levels will be obtained 



Blood for glucose a^feisulin ] 

/WKlvq normal glucose tolerance 



3 d 300 g carbohydrate preparatory 

at baseline and every 30 min for 3^^ter the oral glucose load. All subjects w: 

acc^^ig to WHO criteria (189). Potential PCOS subjects will have a 1 h ACTH stimulation test with baseline and 
1 hWhydroxyprogesterone levels to exclude non-classic congenital adrenal hyperplasia (190). All PCOS women 
who fulfill diagnostic criteria will be genotyped and have body composition studies outlined below to address Aim 1 . 
Since the prevalence of glucose intolerance is -40% in obese PCOS women, and the prevalence of homozygous and 
heterozygous A8(+) PCOS is -30% of PCOS women (allele frequency of -18% in our studies and -20% in CEPH 
families, Project 2), we will need to screen substantially more PCOS women to enroll adequate numbers with normal 
glucose tolerance and who are A8(+) (191;192)(Table 4). 



b. Screening Visit 2 Non-Pregnant Women. All subjects who fulfill the study subject criteria will have body 
composition determined by dual photon x-ray absorptiometry (DEXA) and visceral fat determined by computerized 
tomography (CT) scan (52^193^194). Reproductively-normal women will be matched for VAT determined by 
DEXA and CT scans. We will also attempt to match PCOS and control women for total fat This may not be 
possible in the obese group since we have previously found that obese control women matched to PCOS women for 
fat mass have lower WHR and SQ adipocyte size, suggesting they have less VAT (57). Thus, it is possible that the 
VAT-matched control women will be more obese than the PCOS women. However, Dumesic and colleagues were 
able to match obese PCOS and control women for total fat and VAT (52). We will also determine whether 
significant differences exist in total or visceral fat mass in A8(+) compared to A8(-) PCOS matched for BMI (1 14). 

c. Study Preparation and Timing* In non-pregnant women, studies will be performed in the morning after a 10 h 
cpernight fast and a 3 d 300 g carbohydrate preparatory diet A bedtime snack will be given to ensure that the 
<&ation of the overnight fiist is 10 h. All studies will be performed in the follicular phase of the menstrual cycle in 

1 atrol women and at a time of documented anovulation by serum progesterone levels <2 ng/mL in PCOS women. 

studied will be separated by at least 24 h, except for euglycemic clamp studies, which will be separated by at 
1st 7 d. Because of the potential deleterious effects of prolonged fasting in pregnant women, the amniocentesis 
be performed in the non-festing state. Further, fetal amniotic fluid insulin levels are not acutely altered by 
iternal food intake (195). 

Data Analysis, Sample Size Estimates. A8(+) vs A8(-) PCOS women will be compared to control women by 
Ipvay ANOVA. The subjects will be matched for age and BMI. The endpoints in the A8(+) and A8(-) PCOS and 
Octroi ofifepring for amniotic fluid and cord blood hormone levels and for anthropometric data at birth will also be 
compared by 1-way ANOVA. Anthropometric measurements will also be compared to the concurrently obtained 
rgpnative data, and the number of A8(+) and A8(-)PCOS and control offspring above and below the 10% for 
g^tational age will also be compared. There will be 3 contrasts of 
interest: A8(+) PCOS vs A8(-)PCOS, A8(+)PCOSvs control, 
A8(-) PCOS vs control. To obtain a conservative estimate of 
sample size, we have used the Bonferroni adjustment for multiple 
comparisons to adjust the level of a for the number of 
comparisons. Thus for 3 comparisons ccfO.01,7. Since we will 
perform transformations to achieve homogeneity of variance 
where appropriate, sample sizes have been calculated for unpaired 
/-tests assuming equal variance with 80% power. The same 
sample of PCOS women will participate in Studies 1 and 2. The 
sample size estimate of 15-30 subjects per group is based on 
differences in AUC insulin and AUC insulin: glucose during 
FSIGTS (Preliminary Studies) in obese A8(+) PCOS compared to 
obese A8(~) PCOS women. We will enroll 35 subjects per group 
because of anticipated drop-out and technical problems. We will 
study only subjects with normal glucose tolerance to remove the 
potential confounding effects of hyperglycemia on the study 
outcomes. Since the prevalence of IGT and DM2 is -40% in 
obese PCOS women, we anticipate that many PCOS women who 



a PHS 398/2590 (Rev. 05/01) 



26 



Years 



1-5 



1-5 



1-S 



1-5 



1«5 



Subjects per Year 



Screen 1 



n=150 PCOS 
n=50 Control 



PCOS 
30 



Control 
10 



Screen 2 



n=70 PCOS 
n=*50 Control 



Study 1 
Study 2 


n=30 each 
A8(+)PCOS 
A8(-) PCOS 
Control 


14 7 


Study 3 EnroH n- 25CPCOS 

n=12ocontrri 








Exclude Male Offspring 
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AB<+)PCOS 
A8{-> PCOS 
Control 



16 
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fulfill our other screening criteria vJgte excluded (191; 192). We will include tl^^vomen in an analysis of the 
prevalence of IGT and DM2 by WI^Bfeeria in A8(+) compared to A8(-) PCOS using the OGTT data from 

the^^ening study. 

The sample size estimate for Study 3 is based on the observed difference in amniotic T levels in female fetuses of 
diabetic mothers compared to control and in a 25% decrease in mid gestation amniotic fluid insulin levels(163;196- 
198). For an a=0.017 with a power of 80%, 40 subjects will be required per group. This sample size will be 
adequate to detect a 25% difference in late amniotic DHEAS and androstenedione levels as well as a 10% decrease 
in birth weight (172). In order to obtain 40 each A8(+) and A8(-) female offspring of PCOS, it will be necessary to 
enroll -240 pregnant PCOS since only -50% of conceptions will be female (n=120) and -33% will be A8(+) (n=40) 
and -66% A8(-) (n=80) (Figure 6). We will enroll -260 pregnant PCOS because of anticipated dropouts, 
disqualifications for medical problems during pregnancy (e.g. gestational diabetes) and technical difficulties C^able 
4). We will enroll -120 pregnant control (for n=60 female offspring) women of comparable age-, weight and 
ethnicity. 

b. Feasibility. There are -8,000 deliveries in 2000-2001 and ~900 genetic amniocenteses per year at Prentice 
Women's Hospital of Northwestern Memorial Hospital. The Division of Reproductive Endocrinology estimates that 
they have -50 PCOS pregnancies per year and those women usual deliver at Prentice Hospital. The private 
physician staff in Obstetrics and Gynecology has a large population of pregnant PCOS from ovulation induction with 
clomiphene citrate. Dr. R Barnes (Co-I) will assist in the recruitment of pregnant PCOS women at Prentice 
Women's Hospital. In order to ensure that there is an adequate sample of pregnant PCOS women, Dr. Richard 
I%ro from Hershey-Penn State Medical Center will be a consultant. He is a longtime collaborator of the PI and is a 
(^-Investigator on the Pi's grant to study PCOS femilies (HD 34449, Project 1). Accordingly, he is already 
fruiting and phenotyping PCOS women by the same methods as outlined in this application. Many of the PCOS 
wgmen are part of his infertility practice . Dr. Legro estimates that he has -50 PCOS pregnancies per year in his 
practice. Dr. Legro's Study Coordinator for the PCOS Family study will collect cord blood samples and perform the 
anthropometric measurements on the newborns on a fee-for-service basis. With these two sources of pregnant PCOS 
\gmen, it will be possible to recruit -260 pregnant PCOS women in the five year duration of the award. The PI 
typically studies 100 PCOS women per year and will have no difficulty recruiting non-pregnant PCOS women for 
tigs study. Dr. David Ehrmann from the University of Chicago has agreed to be a consultant and to share his 
p^ulation of PCOS women with the PI (see letter). 

ru 

qjU Study Plan (Figure 6), All studies will run concurrently. Approximately 40 (30 PCOS, because of the high 
^sjplusion rate for glucose intolerance, and 10 control) subjects will be screened per year to enroll 21 per year in 
Sadies 1 and 2. Approximately 50 pregnant PCOS and 15 pregnant controls will be enrolled per year. Amniotic 
fluid samples will be obtained and the sex of the offspring determined. Only female offspring will be genotyped and 
have sampling for cord blood and anthropometric measurements. 

D7. Methods 

a. Assay Procedures Adult Blood Samples, All blood samples (except for glucose clamp glucose samples, which 
are assayed at the bedside) will be collected in 4 C tubes and will be kept on ice. The tubes will be centrifuged at 4 
C within 30 min. Plasma and sera will be stored at -80 C until analysis. In samples from adult women, glucose, 
insulin, proinsulin, T, uT, DHEAS, prolactin, TSH, progesterone Cortisol and 17-hydroxyprogesterone levels will be 
determined by our previously reported techniques (6;57; 199). These assays all have <10% interassay coefficients of 
variation. Glucagon and C-peptide will be collected in 4 C EDTA tubes with aprotinin (500 KIU/mL, Bayer, West 
Haven, CT) and assays will be performed in the GCRC Core Laboratory with kits from Linco Research, Inc (St 
Charles, MO). Blood for GLP-1 will be drawn in 4 C EDTA tubes containing DPP-IV inhibitor (10 jxL/mL, Linco 
Research, Inc). GLP-1 will be extracted with 95% ethyl alcohol and levels of the biologically active form [GLP-1(7- 
37) or GLP-l(7-36) amide] determined by radioimmunoassay with reagents from Linco Research, Inc (200). The 
guinea pig-anti-GLP-l(7-36)amide antibody is directed to the N-terminus of active GLP-1. The specificity of this 
antibody is human GLP-l(7-36)amide 100%, human GLP-l(7-37)amide 100%, human GLP-l(9-36) <1%, human 
GLP-2 not detectable, human glucagon 16%, human insulin not detectable, human GIP not detectable, human VIP 
not detectable.. The standard and tracer are prepared with GLP-l(7-36) amide (Linco Research). The recovery of 
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standard after alcohol extraction is jM8%. Blood for FFA will be drawn in 4 C iK containing 0.1% EDTA and 
paraoxon (0.4 mg/mL) and assayeo^^g a kit from Wako (NEFA C, Wako PureWmical Industries, Richmond 
VAfBpi). 

b. Assays Amniotic Fluid and Cord Blood. In order to detect insulin levels in mid gestation amniotic fluid, we 
will use the Access Immnuoassay system and Ultrasensitive insulin assay kit (Beckman Coulter, Brea, CA) with a 
sensitivity of 0.03 uU/ml. These reagents have been successfully used to measure mid amniotic fluid insulin levels 
(198), which ranged from 0.2-7.4uU/ml. These assays will be performed in the Northwestern Memorial Hospital 
Clinical Pathology Laboratory (see letter). Extraction and Celite chromatography will be used to measure T, 
androstenedione, DHEA levels in amniotic fluid and cord blood with methods previously as reported 
(158;159;163,202). These assays will be performed by Esoterix Center for Clinical Trials (formerly Endocrine 
Sciences, Calabasas Hills, CA) (see letter). The sensitivity of the assays are T 0.03 ng/ml, androstenedione 0.01 
ng/ml, and DHEA 0.01 ng/ml. Using mass spectrometry, the ranges for female fetus mid gestation amniotic levels 
of these androgens are: T (0-0.27 ng/ml), androstenedione (0-2.71 ng/ml), and DHEA (0.19-1.77 ng/ml)(161). C- 
peptide and DHEAS levels will be measured as outlined above. 

c DNA Isolation and Genotyping D19S884. Fetal DNA will be obtained from cell cultures established for genetic 
analysis at the time of amniocentesis. Maternal DNA will be isolated from a blood sample. DNA will be extracted 
as reported (7). For each individual genotyped, 45 ng of DNA will be amplified in a total volume of 8 ul in the 
presence of 200 pM dNTPs (Amersham Pharmacia Biotech), 10 mM Tris-HCl (pH 8.3), 50 mM KC1, 2.0 mM 
MeC12, 0.36 units AmpliTaq polymerase (Roche Molecular Systems, Branchburg, NJ), and 0.5 uM of each primer. 
ts«» forward primer is fluorescently labeled with Tet and electrophoresed in the presence of an internal size standard 
nescan 500) on 4% acrylamide, 5M urea denaturing gels using a 377 DNA sequencer (PE Applied Biosystems, 
ster City, CA). Genotypes will be determined using the GeneScan Analysis and Genotyper programs (PE Applied 
jsystems, Foster City, CA). 

j Body Composition and Visceral Fat. Visceral adipose mass will be determined using a single CT slice at the 
r3 vertebral interspace (52;194). The product of the percent visceral adipose area in that slice and DEXA 
jrtennined total abdominal fat mass will be used to estimate total abdominal visceral adipose mass. Total body 
Qgmposition will be determined using DEXA (1 93). 

ijjjj Assessment of Gestational Age, Body Fat and Anthropometrics. The birth weight will be recorded on an 
e^ctronic scale to the nearest gram. Recumbent crown-heel lengths to the nearest mm will be recorded using a 
l@gth board. Using a standard tape measure, the following measurements will be taken: head circumference 
(l^ntopccipital), chest circumference at the level of the nipples, umbilical abdominal circumference (just above foe 
umbilicus), and mid-upper arm circumference. Using calipers (Lange calipers, Beta Technology Inc, Santa Cruz, 
CA), both subscapular and triceps skinfold thickness will be obtained in duplicate, on the left side of the body. All 
measurements will be carried out by a maximum of three observers trained identically to obtain measurements with 
periodic assessments of inter- and intra-observer variation. In prior studies, the coefficient of variation for the 
duplicate skinfold measurements ranged from 5-6% to 1-2% over time (179;203). Drs. Wang and Metzger will assist 
in the oversight of these measurements. Dr. Metzger has extensive experience standardizing these measurements at 
multiple sites for his HAPO study. He has developed a Method of Operations and forms (appendix) that we will use. 

fc Glucose Clamp Studies. Euglycemic glucose clamp studies will be performed as we have previously reported 
(31;57;58). A pancreatic clamp will be performed with SRIF, 140 ng/kg FFM/min (Bachem Bioscience, Inc., King 
of Prussia, PA), and GH, 6 ng/kg FFM/min (Genentech, Inc., South San Francisco, CA), starting at -5 min (117). 
Basal EGP and its suppression by insulin will be assessed using a primed, continuous infusion of [6,6- 2 H]- glucose 
2 mg/m /min (Isotec, Miamisburg, OH) starting at -120 min (57;115). Sequential primed insulin doses of 2.5-400 
mU/m /min will be administered for 2 h at each dose with euglycemia maintained with a variable infusion of 20% 
glucose enriched to -2.5% with [ 2 Hj-glucose (57;115) EGP will be determined by steady-state tracer kinetics (57). 
Arterialized blood will be obtained every 10 min during the last 40 min of the baseline and of each insulin dose for 
FFA and [6,6- HJ-glucose levels and every 15 min throughout the study for insulin, GH, C-peptide, and glucagon 
levels. 
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g. Graded Glucose Infusion. GWKd glucose infusion will be performed a^Teviously reported (16; 141). 
ArtJfcized blood will be obtained every 10 min for 40 min for basal glucose, insulin and C-peptide levels. Glucose 
wilnran be infused at 4, 8 and 16 mg/kg/min for 40 min at each level of glucose. Samples will be collected every 
10 min during the infusion for glucose, insulin and C-peptide. 

h. Glucose-Dependent Arginine Stimulation Test (130). Baseline blood samples will be taken at -5 and -2 min, 
10% arginine hydrochloride 5 g (R-Gene 10, Pharmacia, Peapack, NJ) will be infused over 45 s, and samples will be 
taken at +2, 3, 4 and 5 min. A variable rate infusion of 20% dextrose will be given to increase and maintain blood 
glucose at 13-15 mmol/L in 20-25 min as in the euglycemic clamp. Baseline sampling, arginine injection 5 g and 
post-arginine sampling will be repeated. There will be a 2.5 h rest period. Baseline sampling will then be repeated 
and a high speed infusion (-900 mL/h) of 20% dextrose will be given for 20-25 min to raise the glucose >25 mmol/L 
as determined by bedside glucose monitoring. Baseline sampling will be repeated, arginine 5 g injected, and post- 
injection sampling repeated. Samples will be assayed for insulin, C-peptide, proinsulin and glucagon. 

i. Frequently Sampled Intravenous Glucose Tolerance Test (121). An FSIGT to determine insulin sensitivity 
will be performed as reported. In brief, glucose (300 mg/kg^) will be injected intravenously at time 0 and 
tolbutamide, 500 mg iv, will be given at 20 min. Blood samples will be obtained over the next three hours for 
glucose and insulin levels. 

E. HUMAN SUBJECTS 

m 

lf3 General. We plan to study -410 PCOS women, ~170 normal control women, -80 female offspring of PCOS 
iMthers and -40 female offspring of control mothers. We anticipate screen failures and subject dropout. Subjects 
[be between the ages of 18-40 years and in excellent health, with no history of cardiorespiratory, hepatic, or renal 
^function, and able to give complete informed consent. We will study children between the ages 18-21 years, 
ises, newborns and pregnant women. We will not study any prisoners or institutionalized individuals. Subjects 
I be disqualified from the study if they develop any serious medical or psychiatric illness. 

iL Sources of Research Material. Blood will be obtained by venipuncture. Amniotic fluid will be obtained at the 
t§|e of indicated amniocentesis. DNA will be isolated from blood, fetal cells and placenta (for Project 2). All of 
t||se procedures will be performed solely for research purposes. 

Recruitment and Consent Procedures. Subjects will be recruited from the community by advertisement in 
lf^tal newspapers. PCOS subjects will also be referred by their physicians. We have studied more than 100 PCOS 
women in the last year, and we anticipate no problem in recruiting adequate numbers of PCOS women because of 
the high prevalence of the condition. Dr. Ehrmann (Consultant) will refer PCOS women from his study population. 
All subjects will be examined by the PI or a Co-Investigator to determine their eligibility for the studies. Drs. Barnes 
(Co-I) and Legro (Consultant) will assist in the recruitment of pregnant PCOS women. 

Written informed consent will be obtained from each subject before the initiation of any study. There will be no 
waiver of informed consent The subjects will be informed of the purpose, duration, specific procedures, risks, and 
benefits of the study. They will also be informed of their right to withdraw from the study at any time without 
prejudicing their future care. They will be informed that their anonymity will be maintained and that they will have 
the right to ask questions of the Investigators or of a patient care representative. They will also be informed of their 
right to have a copy of their results as soon as the results have become available. Copies of the written informed 
consent will be given to the participants. 

4. Potential Risks 

a. Blood withdrawal. The risks associated with blood withdrawal are bruising, bleeding, and phlebitis at 
intravenous catheter sites. However, these problems are uncommon. 
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b. Oral Glucose Tolerance Test^|e risks associated with this test are the A)f blood withdrawal. Some 
individuals may experience slight ^P&a when drinking the glucose solution. TBfe is a slight risk of reactive 
hyj^^cemia with this test. 

c. Meal Tolerance Test The risks associated with this test are the risks of blood withdrawal. Some individuals 
may experience slight nausea when consuming the meal. 

d. ACTH Stimulation Test The risks of this test include those of blood withdrawal and a possible allergic 
response to the ACTH (corsyntropin). An allergic reaction is extremely rare. 

e. Glucose Clamp and FSIGT Studies. There is a small risk of hypoglycemia during these studies, and testing will 
be terminated immediately by administration of intravenous 50% dextrose if any signs or symptoms of severe 
hypoglycemia develop. However, we have performed approximately 200 FSIGTs and 150 euglycemic clamp studies 
over the past several years and have never had to terminate a study because of hypoglycemia. 

f. Arginine Infusion. The risks of an arginine infusion include a possible allergic reaction. An allergic reaction is 
extremely rare. 

g. Amniocentesis. The amniocentesis is clinically indicated, and there is no additional risk from drawing 5 cc of 
extra fluid. 

l^i Cord Blood Sampling. This is performed after the delivery of the baby and does not pose an additional risk to 
tig child or to the mother. 

i^ntropometric Measurements. There is no risk to the measurements that will be performed. 
j?|Loss of Privacy. There is potential for loss of privacy. 
^Protection from Potential Risks 

i % Disqualification Criteria to Minimize Risk. Subjects will be disqualified from the studies if they have or 
dgplop any of the following: weight <50 kg, any general medical illness, hypertension or psychiatric illness. 

Blood withdrawal. All participants in studies 1 and 2 will have hemoglobin levels > 12 g/dL. During any 8- 
\||pk time interval, no subject will have more than -480 cc of blood withdrawn, the amount which is given at a 
routine blood donation. 

iiy Preparation of Infusates. All infixsates will be prepared under sterile conditions by the Research Pharmacist at 
Northwestern Memorial Hospital. Solutions will be passed through a 0.22 |iM filter (Millipore, Bedford, MA) 
before use. We have performed 200-300 such studies without problems, and no subject has had a febrile reaction to 
an infusate. 

iv. Confidentiality. Coding of data will ensure confidentiality. The subject's name or initials will never be used in 
any subsequent reporting of the data. Subjects are given three options relating to the use of their DNA: 1) DNA 
sample may be used for any scientific purpose or project; 2) DNA sample may be used for this project only and other 
projects with permission; or 3) DNA sample may be used for this project only. Additionally, subjects are given the 
opportunity to list specific restrictions (if any) regarding the use of their DNA samples. 

6. Benefits 

Benefits to the Individual Subject. The proposed studies are pure research and not therapeutic. The PCOS women 
may have IGT or DM2 diagnosed. 

Benefits to the Human Community. The objective of this research is to determine the causes of PCOS. PCOS has 
many long-term health consequences so these studies have substantial public health importance. The risks of these 
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Search" m ° deSt ^ ^ substantial so the risk:benefit rati^^ngly favors perfonning this 

F. ^felTEBRATE ANIMALS. None. 

G. LITERATURE CITED 

I. Frauks,S, Gharani,N, WaterworthA Batty.S, White A Williamson,R, McCarthy^: The genetic basis of 
polycystic ovary syndrome. HunuReprod. 12:2641-2648, 1997 



2. Legro,RS, Spielman,R, Urbanek,M, Driscoll,D, Strauss,JF, DunaitA: Phenotype and genotype in polycystic 
ovary syndrome. Recent.Prog.Horm.Res. 53:217-256, 1998 



3. Carey,AH, Chan,KL, Short,F, WhiteA Williamson,R, Franks,S: Evidence for a single gene effect causing 
polycystic ovaries and male pattern baldness. Clin.Endocrinol. (Oxf.) 38:653-658, 1993 



4. Kashar-Miller,M, Azziz,R: Heritability and the risk of developing androgen excess JSteroid 
Biochem.Mol.Biol. 69:261-268, 1999 

Q 

^ 5. Lander,ES, Schork,NJ: Genetic dissection of complex traits. Science 265:2037-2048, 1994 

j. 6. Legro,RS, Driscoll A Strauss,JF, Fox,J, Dunaif^A: Evidence for a genetic basis for hyperandrogenemia in 

g polycystic ovaiy syndrome. Proc.iV«rf^ca<i , .5 , c/.K5'.^. 95:14956-14960, 1998 

[g 7 - Urbanek,M, Legro,RS, DriscoU^A, Azziz,R, Ehrmann,DA, Norman,RJ, Strauss,JF, Spielman,RS, 

- Dunaif,A: Thirty-seven candidate genes for polycystic ovary syndrome: strongest evidence for linkage is 

5 vrifaMlistatin.Proc.NatMcad.Sci.U.S.A. 96:8573-8578,1999 

w 

Q 

Jj 8. Urbanek M, Vickery KR, Legro RS, Driscoll DA, Strauss JF, Dunaif A, Spielman RS: Two candidate genes 
for polycystic ovary syndrome (PCOS): foffistatin and the insulin receptor (Abstract). 50th Annual Meeting, 
American Society of Human Genetics, Philadelphia, PA, Abstract #1804, October 2000, 2000 



9. Spielman,RS, Ewens,WJ: The TDT and other femily-based tests for linkage disequilibrium and association 
Am.J.Hum.Genet. 59:983-989, 1996 



10. Spielman,RS, McGinnis,RE, Ewens,WJ: The liansmission/disequilibrium test detects cosegregation and 
linkage. AmJHum.Genet. 54:559-560, 1994 ' 

11. AltshulerA, Hirschhorn,JN, Klannemark,M, Lindgren,CM, Vohl,MC, NemeshJ, Lane.CR, Scbafmer,SF, 
Bolk,S, Brewer.C, Tuomi.T, GaudetA Hudson,TJ, Daly,M, Groop,L, Lander,ES: The common 
PPARgamma Prol2Ala polymorphism is associated with decreased risk of type 2 diabetes. Nat Genet 
26:76-80, 2000 



o PHS 398/2590 (Rev. 05/01) 



Page_ 
31 



Continuation Fonnat Page ° 



Principal Investigator/Program Director fLast first middle!; Dunaif. Andrea 



12. Tucci^S, Futterweit,W, CoM^ion^S, Greenberg,DA, Villanueva*, D^TF, Tomer.Y: Evidence for 
association of polycystic o^p S yndrome in Caucasian women with a mffiat the insulin receptor gene 

| locus. Journal of Clinical Endocrinology & Metabolism 86:446-449, 2001 

13. PermutgviA, Bernal-Mizrachi,E, Inoue,H: Calpain 10: the first positional cloning of a gene for tvoe 2 
diabetes? J. ClinJnvest. 106:819-821,2000 * 

14. Yamagata^, FurutaA Oda^T, KaisaW^J, Menzel,S, Cox^J, Fajans,SS, Signorini,S, Stoflfel,M, Bell,GI: 
Mutations in the hepatocyte nuclear fector-4alpha gene in maturity-onset diabetes of the young (MODYtt 
[see comments]. Nature 384:458-460, 1996 

15. Herman,WH, Fajans,SS, Ortiz^J, Smith,MJ, SturisJ, Bell,GI, Polonsky,KS, Halter,JB: Abnormal insulin 
secretion, not insulin resistance, is the genetic or primary defect of MODY in the RW pedigree, rerratum 
appears in Diabetes 1994 Sep;43(9): 1171], Diabetes 43:40-46, 1994 



m 
o 



16. Byrne,MM, SturisJ, Fajans,SS, Ortiz^J, StoltzA StofFelM Smith,MJ, Bell,GI, Halter,JB, Polonsky,KS: 
Altered insulin secretory responses to glucose in subjects with a mutation in the MODY1 gene on 
chromosome 20. Diabetes 44:699-704, 1995 



&17. Byrne,MM, StunsJ, Menzel,S, YamagataJC, Fajans,SS, Dronsfield,MJ, Bam,SC, Hattersley,AT, Velho.G, 
Froguel,P, Bell,GI, Polonsky,KS: Altered insulin secretory responses to glucose in diabetic and nondiabetic 
I subjects with mutations in the diabetes susceptibility gene MODY3 on chromosome 12. Diabetes 45: 1503- 
&r * 1510, 1996 



18. Vionnet,N, Hani,E-H, Dupont,S, Gallina,S, Francke,S, Dotte,S, DeMatos,F, Durand,E, Lepretre,F, 
g Lecoeur,C, Galhna,P, Zekiri,L, Dina,C, Froguel^*: Genomewide search for type 2 diabetes-susceptibility 
fU f m French whites: evidence for a novel susceptibility locus for early-onset diabetes on chromosome 
3q27-qter and independent replication of a type 2-diabetes locus on chromosome Iq21-q24 
g Amjr.Hum.Genet.2000 67:U70-USO,2000 



19. Watanabe,RM, Ghosh,S, Langefeld,CD, Valle,TT, Hauser,ER, Magnuson,VL, Mohlke,KL, Silander,K, 
Ally,DS, Chines^, Blaschak-HarvanJ, DouglasJA, Duren,WL, Epstein,MP, Fingerlin,TE, Kaleta,HS 
Lange,EM, LiA McEachin,RC, Stringham,HM, Trager,E, White,PP, BalowJrJ, Birznieks,G, ChangJ, 
Eldndge,W: The Finland-United States Investigation of non-insulin-dependent diabetes mellitus genetics 
CFUSION) study. H. An autosomal genome scan for diabetes-related quantitative-trait loci. AmJ 
Hum.Genet.2000 67: 1 186-1200, 2000 



20. Watemor(hJ)M, Bennett,ST, Gharani,N, McCarfhy.MI, Hague,S, Batty.S, Conway.GS, WhiteA Todd,JA, 
Franks.S, Withamson,R: Linkage and association of insulin gene VNTR regulatory polymorphism with 
polycystic ovary syndrome. Lancet 349:986-990, 1997 

21. Bennett,ST, ToddJA, Waterworth,DM, et al.: Association of insulin gene VNTR polymorphism with 
polycystic ovary syndrome. Lancet 349:1771-1772, 1997 



° PHS 398/2590 (Rev. 0S/01) 



Page_ 

32 



Continuation Format Page a 



S Principal Investtgator/Prooram Director (Last first middle): Dunaif. Andrea 

22. EavesJLA, Bennett,ST, Fora^tf*, Ferber,KM, EhrmannJDA, Wilsoii^iU^jhattacharyya^, Ziegler,AG, 
^^Brinkmann,B, ToddJA: Traj^P$sion radio distortion at fhe INS-IGF2 VNUflat.Genet. 22:324-325, 1999 

23. UrbanekJM, Wu,X, Vickeiy,KR, Kao,LC, Oiristenson,LK, Schneyer,A, Legro,RS, Driscoll,DA, Strauss,JF, 
Dunaif,A, Spielman,RS: Allelic variants of the follistatin gene in polycystic ovary syndrome. Journal of 
Clinical Endocrinology & Metabolism 85:4455-4461, 2000 

24. El Mkadem,SA, Lautier,C, Macari,F, Molinari,N, Lefebvre,P, Renard,E, GrisJC, Cros,G, DauresJP, 
BringerJ, White,MF, Grigorescu,F: Role of allelic variants Gly972Arg of IRS-1 and Glyl057Asp of IRS-2 
in moderate-to-severe insulin resistance of women with polycystic ovary syndrome. Diabetes 50:2164-2168, 
2001 

25. HaraJVI, Alcoser,SY, QaadirA, Beiswenger,KK, Cox,NJ, Ehrmann,DA: Insulin resistance is attenuated in 
women with polycystic ovary syndrome with the Pro(12)Ala polymorphism in the PPARgamma gene. 
Journal of Clinical Endocrinology & Metabolism 87:772-775, 2002 

26. Almind,K, Doria^A, Kahn^CR: Putting the genes for type II diabetes on the map. Nature Medicine 7:277-279, 
2001 

m 
o 

^27. Elbein,SC: Genetics of type 2 diabetes: an overview for the millennium. [Review] [28 refs]. Diabetes 

Ji Technology & Therapeutics 2:391-400, 2000 

5*8. Barsh,GS, Farooqi,IS, 0 , Rahilly,S: Genetics of body-weight regulation. [Review] [125 refs]. Nature 

*F 404:644-651,2000 

o 

^29. Dunaif,A: Insulin resistance and the polycystic ovary syndrome: mechanism and implications for 
jjj pathogenesis. Endocr.Rev. 18:774-800, 1997 

Q 

Dunaif 9 A, Thomas,A: Current Concepts in the Polycystic Ovary Syndrome. Ann.Rev.Med '.401-419, 2001 

31. Dunaif,A, Diamanti-Kandarakis,E, Lee,A, Wu,X: Defects in insulin receptor signaling in vivo in the 
polycystic ovary syndrome (PCOS). AmJ.Physiol. 28 1 :E392-E399, 200 1 

32. Dunaif,A, Xia,J, Book,CB, Schenker,E, Tang,Z: Excessive insulin receptor serine phosphorylation in 
cultured fibroblasts and in skeletal muscle. A potential mechanism for insulin resistance in the polycystic 
ovary syndrome. J.C//w./»ve 1 s/. 96:801-810, 1995 

33. Li M, Youngren J, Maddux BA, Dunaif A, Thomas A, Zhang B, Goldfine I: Factors extrinsic to the insulin 
receptor cause insulin resistance in muscle and fibroblasts from PCOS. (Abstract). 82nd Annual Meeting of 
the Endocrine Society, Toronto, Canada Abstract 233 1 : June 2000, 2000 

34. Book,CB, Dunaif,A: Selective insulin resistance in the polycystic ovary syndrome. J.Clin.Endocrinol.Metab. 
84:3110-3116, 1999 

o PHS 398/2590 (Rev. 05/01) ——————— — — Continuation Format Page □ 

33 



— • Principal InvestfoatoryPronrpm Director (Last first, mjddjgflc Dunaif Anrirwi 

36. Henry,RR, Ciaraldi,TP, Abrams-Carter,L, Mudaliar,S, ParkJCS, Nikoulina,SE: Glycogen synthase activity is 
reduced in cultured skeletal muscle cells of non-insulin-dependent diabetes mellitus subjects. Biochemical 
and molecular mechanisms. J. CtinJnvest. 98: 123 1-1236, 1996 

37. Henry,RR, AbransX, Mkoulina,S, Ciaialdi,TP: Insulin action and glucose metabolism in nondiabetic 
control and NIDDM subjects. Comparison using human skeletal muscle cell cultures. Diabetes 44:936-946, 

38. CusiK, Maezono,K, Osman,A, Pendergrass.M, PattiJVIE, Pratipanawatr.T, DeFronzo,RA, KahnCR, 
Mandanno,LJ: Insuhn resistance differentially affects the PI 3-kinase- and MAP kinase-mediated signaling 
in human muscle. y.C//n./nvay/. 105:311-320,2000 

39. Kido,Y, Burks^J, Withers,D, Brunin g> JC, Kahn,CR, White,MF, Accili,D: Tissue-specific insulin resistance 
m mice with mutations in the insulin receptor, IRS-1, and IRS-2. J.ClinJnvest. 105: 199-205, 2000 

m 

OW. McAllister JM, Cocozza S: Altered mitogen activated protein kinase (MAPK) signaling in theca and 
H granulosa cells isolated from patients with polycystic ovary syndrome (PCOS) (Abstract). 83rd Annual 
N Meeting Endo.Society, 2001 

«P 

5 1 ' S ar l I i di f P A^ 0ra !!. S ' AJ ' H i ckm f n ^ G ' Odom-Ford,R, Yen,SS, 01efsky,JM: Lack of insulin resistance in 
f- fibroblasts from subjects with polycystic ovary syndrome. Metabolism 47:940-946, 1998 

h 

||2. Kahn,BB, Flier,JS: Obesity and insulin resistance. J. Clin.Invest. 106:473-48 1, 2000 

IU 

m. Yamauchi^ Kamon,J Waki,H, Terauchi,Y, Kubota,N, Hara,K, Mori,Y, Ide,T, Muiakami,K, Tsuboyama- 
Kasaoka^, Ezaki,0, Akanuma,Y, Gavrilova,0, Vinson,C, Reitman,ML, Kagechika,H, Shudo^C, Yoda,M 
Nakano.Y, Tobe,K, Nagatfl, Kimura,S, Tomita,M, Froguel,P, Kadowaki,T: The fat-derived hormone 
MedcS™*^ 2001 in reSiStanCe associated ™ m both lipoatrophy and obesity, [see comments]. Nature 

44. Abel ED, Peroni.O Kim,JK, Kim,YB, Boss.O, Hadro.E, Minnemann,T, Shulman,GI, Kahn,BB: Adipose- 

J^SSSoi ° LUT4 8ene ***** ^ fa muscle and Hver - [see comments 3- M*<~ 

45. GrecoAV, Mingrone,G, GiancateriniA Manco,M, Moironi,M, Cinti,S, Granzotto,M, VettorJL Camastra,S 
S^Ti^ resistance » morbid obesitv: reversal with intmmyocellular fet depletion. Z>/«&etei 

46 ' ?'J? iSn ®5 ^ Dunaif ^ Evidence for increased sensitivity to the insulin-resistance inducing actions of 
^ fetty acids m cultured polycystic ovary syndrome skeletal muscle (Abstract). 61st Scientific Sessions of 
the American Diabetes Association, June 2001, Philadelphia, PA, Abstract 1 107-P 2001 



PHS 398/2590 (Rev. 06/01) p^I — — — 

' rage_ ConUnuatlon Format Page => 

34 



47. 



— - Principal Inv esfiaator/Prooram Director (Last first middle); Dunaif. Andrea 

Kissebah*AH, Peiris,AN: Bi^tey of regional body fat distribution: rdatj^Ep to non-insulin- dependent 
diabetes mellitus. Diabetes Rev. 5:83-109, 1989 

48. Peiris,AN, Mueller,RA, Stnive,MF, Smith,GA, Kissebah,AH: Relationship of androgenic activity to 
splanchnic insulin metabolism and peripheral glucose utilization in premenopausal women, J Clin 
Endocrinol Metab 64:162-169, 1987 

49. Kirschner,MA, Samojlik,E, DrejkaJM, Szmal,E, Schneider,G, Ertel,N: Androgen-estrogen metabolism in 
women with upper body versus lower body obesity. Journal of Clinical Endocrinology & Metabolism 
70:473-479, 1990 

50. Dunaif,A, Green,G, Futterweit,W, Dobrjansky,A: Suppression of hyperandrogenism does not improve 
peripheral or hepatic insulin resistance in the polycystic ovary syndrome. J.Clin.EndocrinoLMetab. 70:699- 
704, 1990 

51. Mogftetti,P, Tosi,F, CastelloJR, Magnani,CM, Negri,C, Brun^, Furlani,L, Caputo,M, Muggeo,M: The 
insulin resistance in women with hyperandrogenism is partially reversed by antiandrogen treatment evidence 
that androgens impair insulin action in women. / Clin Endocrinol Metab 81:952-960, 1996 

01 

o 

Up. Dumesic,DA, Abbott,DH, EisnerJR, Herrmann,RR, Reed,JE, Welch/TJ, Jensen,MD: Pituitary 

H desensitization to gonadotropin-releasing hormone increases abdominal adiposity in hyperandrogenic 

* anovulatory women. Fe/^i/.Sfm7. 70:94-101, 1998 

45 

m 

*p53. Ek,I, Arner,P, Bergqvist,A, Carlstrom,K, Wahrenberg,H: Impaired adipocyte lipolysis in nonobese women 

*_ with the polycystic ovary syndrome: a possible link to insulin resistance? 7. Clin.EndocrinoLMetab. 82: 1 147- 

Q 1153,1997 

m 

Wp4. Holte,J: Polycystic ovary syndrome and insulin resistance: thrifty genes struggling with over-feeding and 
O sedentary life style? /^/arfomno/J/zve^. 21:589-601, 1998 

m 

55. HolteJ, Bergh,T, Berne,C, Wide,L, Lithell,H: Restored insulin sensitivity but persistently increased early 
insulin secretion after weight loss in obese women with polycystic ovary syndrome. 
J.Clin.EndocrinoLMetab. 80:2586-2593, 1995 



56. Dumesic,DA, Nielsen,MF, Abbott,DH, Eisner,JR, Nair,KS, Rizza,RA: Insulin action during variable 
hyperglycemic-hyperinsulinemic infusions in hyperandrogenic anovulatory patients and healthy women. 
FertiLSteriL 72:458-466,1999 

57. Dunaif,A, Segal,KR, Shelley,DR> Green,G, Dobr|ansky,A, Licholai,T: Evidence for distinctive and intrinsic 
defects in insulin action in polycystic ovary syndrome. Diabetes 41:1257-1266, 1992 

58. Dunaif,A, Segal,KR, Futterweit,W, Dobrjansky,A: Profound peripheral insulin resistance, independent of 
obesity, in polycystic ovary syndrome. Diabetes 38:1 165-1 174, 1989 



° PHS 398/2590 (Rev. 05/01) 



Page_ 

35 



Continuation Format Page ° 



Principal InvesBaatar/Preor am Director (Last first middle* Dunaif. Andrea 

59. Carey DG Jenkins.AB, Ca^fceUXV, FreundJ, Chisholm,DJ: Abdom^fat and insulin resistance in 
normal and overweight woi^pDirect measurements reveal a strong relauWIip in subjects at both low and 
high risk of NIDDM. Diabetes 45:633-638, 1996 

60. Vicennati, V Gambineri, A., Calzoni, R, Casimirri, F., Macor, C, Vettor, R, and PasquaU, R Serum 
Lepun m Obese Women with Polycystic Ovary Syndrome is Correlated With Body Weight and Fat 
Distribution But Not With Androgen and Insulin Levels. Metabolism 47(8), 988-992 1998 
Ref Type: Generic 

61. PasqualUt, GambineiiA, Biscotttf), Vicennati,V, Gagliardi,L, ColittaJ), Fiorini,S, Cognigni,GE, 
Fdicon,M, Morselli-Labate,AM: Effect of long-term treatment with metformin added to hypocaloric diet on 
body composition, fat distribution, and androgen and insulin levels in abdominally obese women with and 
without the polycystic ovary syndrome. J.Clin.EndocrtnolMetab. 85:2767-2774, 2000 

62. Eisner,JR, Dumesic,DA, Kemnitz,JW, Abbott,DH: Timing of prenatal androgen excess determines 
differential impairment in insulin secretion and action in adult female rhesus monkeys. 
J. Clm.EndocrinolMetab. 85: 1206- 1210, 2000 



6J53. Bergman,RN, MitteIman,SD: Central role of the adipocyte in insulin resistance 
W J.Basic.Clin.Physiol.Pharmacol. 9:205-221, 1998 

Si 

-gS4. Boden,G: Role of fatty acids in the pathogenesis of insulin resistance and NEDDM. [erratum appears in 
g Diabetes 1997 Mar,46(3):536]. D/aAefes 46:3-10, 1997 appears m 

*65. Fnas,JP, Macaraeg,GB, Ofrecio,J, Yu,JG, 01efsky,JM, Kruszynska,YT: Decreased susceptibility to fatty 
« acid-mduced peripheral tissue insulin resistance in women. Diabetes 50: i 344- 1350, 2001 

m 

g>6. HolteJ, Bergh,T, Berne,C, LithelLH: Serum lipoprotein hpid profile in women with the polycystic ovary 
W syndrome: relation to anthropometric, endocrine and metabolic variables. Clin.Endocrinol.(Oxf.) 41:463-471, 

67. Ek,I, Amer,P, Ryden,M, Holm,C, Thorne^A, Hoffstedy, Wahrenberg,H: A unique defect in the regulation of 
visceral fat cell hpolysis in the polycystic ovary syndrome as an early link to insulin resistance. Diabetes 
51:484-492,2002 

68. Godfrey,KM: Maternal regulation of fetal development and health in adult life. [Review] [88 refcl. European 
Journal of Obstetrics, Gynecology, & Reproductive Biology 78: 141-150, 1998 

69. Breier,BH, VickeraJVIH, Ikenasio,BA, Chan^CY, Wong,WP: Fetal programming of appetite and obesity. 
Molecular & Cellular Endocrinology 185:73-79, 2001 J 

70. Young,LE Fernandes,K, McEvoy,TG, Butterwim,SC, Gutierrez,CG, Carolan,C, Broadbent,PJ, Robinson,JJ, 
Wilmut,L Smclair,KD: Epigenetic change in IGF2R is associated with fetal overgrowth after sheep embryo 
culture. Nature Genetics 27: 153-154, 2001 



oPHS 398/2590 (Rev. 03/01) j^" Continuation Format Page a 

36 



— Principal Investigator/Program Director (Las t first middle}- Dunaif AndrM 

SnSo B r ker ' DJ: F ^ r °g™^ - d h **h. [Review] ^efs]. AM ^ Nutrition 

72. SinswJM, Levin3: Ordeals for the fetal programming hypothesis. The hypothesis largely survives one 
ordeal but not another, [letter, comment] [see comments.]. BMJ 3 1 8:885-886, 1999 

73. Silveiman3L, Rizzo/TA, Cho,NH, Metzger,BE: Long-term effects of the intrauterine environment. The 
Northwestern University Diabetes in Pregnancy Center. Diabetes Care 21 Suppl 2.-B142-B149, 1998 

74. Lonnqvist,F, ThomeA, Large,V, Arner,P: Sex differences in visceral fat lipolysis and metabolic 
complications of obesity. Arterioscler.Thromb.Vasc.Biol. 17:1472-1480, 1997 

75. R.eiling,BA, I^ckley,JK, Grum,LR, Berger.LL: Effects of prenatal androgenizanon and lactation on adipose 
tissue metabolism in finishing single-calf heifers. Journal of Animal Science 75: 1504-15 13, 1997 

76. Eisner.JR, Barnett,MA, Dumesic,DA, AbbotU3H: Ovarian hyperandrogenism in adult female rhesus 
monkeys exposed to prenatal androgen excess. Fertility & Sterility 77:167-172 2002 

©• 

j#7. Dumesic,DA, AbbotU)H, Eisner,JR, Goy,RW: Prenatal exposure of female rhesus monkeys to testosterone 
Nl propionate mcreases serum luteinizing hormone levels in adulthood. FertiLSteril. 67:155-163, 1997 

4r 

^78. Nilsson,C, Niklasson,M, Eriksson,E, Bjorntorp,P, Holmang,A: hnprinting of female of&pring with 

SSf,S b m " 1SUlin resistance and obaagfia in body fat distribution at adult age in rats. J. Clin.Invest. 
a 1U1i/4-/Oj 1998 

«p 

!W9. Ibanez^L, Potai^N, Zampolli,M, Prat,N, Virdis,R, Viccas-Calvetft CarrascosaA: Hyperinsulinemia in 

S postpubertal gn-ls with a history of premature pubarche and functional ovarian hyperandrogenism. Journal of 

O Clinical Endocrinology & Metabolism 81:1237-1243, 1996 

80. Ibanez,L, Potau,N, Francois^, de Zegher,F: Precocious pubarche, hypermsulinism, and ovarian 
hyperandrogenism i ii i girls: relation to reduced fetal growth. Journal of Clinical Endocrinology & 
Metabolism 83:3558-3562, 1998 

81. DunaifA, Sorbara,L, Delsonjl, Green,G: Ethnicity and polycystic ovary syndrome are associated with 
independent and additive decreases in insulin action in Caribbean-fflspanic women. Diabetes 42:1462-1468, 



82. Legro RS, Bentley-LewisJR, Driscoll,A, Wang S, Dunaif A: Hyperinsulininemia in the sisters of womeii 
with polycystic ovary syndrome: association with hyperandrogenemia rather than menstrual irregularity J 
Clin Endocrinol Metab, in press, 2002 



o PHS 398/2590 (Rev. 05/01) 



Page_ 
37 



Continuation Format Page o 



Principal [nvestiaator/Proa ram Director Oast first middle): Dunaif. Andrea 

83. Legro RS, Bentley-Lewis^Driscol^A, Wan g> SC, Dunaif A: Elevated^iydroepiandrosterone sulfite 
levels as the reproductive ^Brtype in the brothers of women with pd^^tic ovary syndrome. J Clin 

j^Endocrinol Metab , in press J 2D02 

84. Strachan T, Read AP: Genetic mapping of complex characters. In Human Molecular Genetics 2. Oxford, 
John Wiley & Sons, Inc. - BIOS Scientific Publishers Ltd, 1999, p. 283-294 



85. Strachan T, Read AP: Human Molecular Genetics 2nd Edition. Oxford, UK, BIOS Scientific Publishers Ltd 
1999, 



86. Nomiyamajff, Amano,K, KusudaJ, Imai,T, Miura,R, Yoshie 5 0, Matsuda,Y: The human CC chemokine 
TECK (SCYA25) maps to chromosome 19pl3.2. Genomics 51:311-312, 1998 

87. FoItz,IN, Gerl,RE, Wieler,JS, Luckach,M, Salmon,RA, Schrader,JW: Human mitogen-activated protein 
kinase kinase 7 (MKK7) is a highly conserved c-Jun N-terminal kinase/stress-activated protein kinase 
(JNK/SAPK) activated by environmental stresses and physiological stimuli. Journal of Biological Chemistry 
273:9344-9351,1998 

81 

G88. Steppan,CM, Bailey,ST, Bhat,S, Brown,EJ, Banerjee,RR, Wright,CM, Pate!,HR, AhimaJtS, LazarJVIA: The 
W hormone resistin links obesity to diabetes, [see comments]. Nature 409:307-312, 2001 

4*89. Yamagata,K, Oda,N, KaisakiJPJ, Menzel,S, Furuta,H, Vaxillaire,M, Southam,L, Cox.RD, Lathrop.GM, 

O. Boriraj,W, Chen,X, Cox,NJ, Oda,Y, Yano,H, Le Beau,MM, Yamada,S, Nishigori,H, TakedaJ, Fajans.SS, 

«P Hattersley,AT, Iwasaki,N, Hansen,T, Pedersen,0, Polonsky,KS, Bell.GI: Mutations in the hepatocyte nuclear 

L fector-lalpha gene in maturity-onset diabetes of the young (MODY3). [see conmients]. Nature 384:455-458 
W 1996 

«P 

m 

g&O. Horikawa,Y, Oda,N, Cox^fJ, Li,X, Orho-Melander,M, Hara,M, Hinokio.Y, Lindner,TH, Mashima,H, 
%j Schwarz.PE, del Bosque-Plata,L, Horikawa,Y, Oda,Y, Yoshiuchi,I, Colilla,S, Polonsky,KS, Wei,S, 
Iyi Concannon,P, Iwasaka,N, SchulzeJ, Baier,LJ, Bogardus,C, Groop,L, BoerwinkleJB, Hanis,CL, Bell,GI: 

Genetic variation in the gene encoding calpain-10 is associated with type 2 diabetes mellitus. NatGenet. 

26:163-175,2000 

91. Aguilar-BryanX, Bryan,J, NakazakiJM: Of mice and men: K(ATP) channels and insulin secretion. Recent 
Progress in Hormone Research 56:47-68, 2001 

92. DeFionzo RA,FE: Insulin resistance. A multifaceted syndrome responsible for NDDDM, obesity, 
hypertension, dyslipidemia, and atherosclerotic cardiovascular disease. Diabetes Care 14:173-194, 1991 

93. Haffiier.SM, Mykkanen,L, Valdez,RA, Stern,MP, Holloway,DL, Montenosa,A, Bowsher,RR: 
Disproportionately increased proinsulin levels are associated with the insulin resistance syndrome 
J.Clm.EndocrinoLMetab. 79:1806-1810, 1994 



a PHS 398/2590 (Rev. 05/01) 



Page_ 

38 



Continuation Format Page ° 



Principal Investiaatar/Proaram Director (Last flnst middle* Punaif. Andrea 

94. Kahn,SE, LeonettiJDL, Prig^RL, Boyko,EJ, Bergstrom,RW, Fujimoto.^^Proinsulin as a marker for the 
development ofNIDDM in^piese- American men. Diabetes 44:173-179;^l5 



95. Haffher,SM, Bowsher,RR, Mykkanen,L, Hazuda,HP, Miteheu\BD, Valdez,RA, Gingerich,R, MonterossaA 
Stern,MP: Proinsulin and specific insulin concentration in high- and low-risk populations for NIDDM 
Diabetes 43:1490-1493, 1994 

96. Ciaraldi,TP, Abrams,L, Nikoulina,S, Mudaliar.S, Henry,RR: Glucose transport in cultured human skeletal 
muscle cells. Regulation by insulin and glucose in nondiabetic and non-insulin-dependent diabetes mellitus 
subjects. J.ClinJnvest. 96:2820-2827, 1995 • 

97. Henry.RR, Ciaraldi,TP, Mudaliar.S, Abrams,L, Nikoulina,SE: Acquired defects of glycogen synthase 
activity m cultured human skeletal muscle cells: influence of high glucose and insulin levels. Diabetes 
45:400-407, 1996 

98. Ciaraldi,TP, Carter ,L, Nikoulina,S, Mudaliar,S, McClain,DA, Henry,RR: Glucosamine regulation of glucose 
metabolism in cultured human skeletal muscle cells: divergent effects on glucose transport/phosphorylation 
and glycogen synthase in non-diabetic and type 2 diabetic subjects. Endocrinology 140:3971-3980, 1999 

□ 

W?9. CohenJP: The search for physiological substrates of MAP and SAP kinases in mammalian cells. Trends Cell 
2 Biol. 7:353-361, 1997 

■P 
•P 

®)0. Martin-Blanco E: p38 MAPK signalling cascades: ancient roles and new functions. Bioessays 22:637-645 
* 2001 7 



m 

•jfol. Jensen,MD, Haymond,MW, RizzaJtA, Cryer,PE, Miles^M: Influence of body fat distribution on free fatty 
jjj acid metabolism in obesity. J.ClinJnvest. 83: 1 168-1 173, 1989 

O 

W02. Naz,RK, Thurston ,D, Santoro,N: Circulating tumor necrosis factor (TNF)-alpha in normally cycling women 
and patients with premature ovarian Mure and polycystic ovaries. Am.J.Reprod.Immunol. 34:170-175, 1995 

103. Gonzalez,F, ThusuJC, Abdel-Rahman,E, Prabhala^A, TomaniM DandonaJP: Elevated serum levels of tumor 
necrosis factor alpha in normal-weight women with polycystic ovary syndrome. Metabolism: Clinical & 
Experimental 48:437-441, 1999 

104. Schmitz-Peiffer,C, CraigJ)L, Biden,TJ: Ceramide generation is sufficient to account for the inhibition of the 
insulin-stimulated PKB pathway in C2C12 skeletal muscle cells pretreated with palmitate. J.Biol.Chem. 
274:24202-24210, 1999 

105. Saghizadeh,M, Ong,JM, Garvey,WT, Henry,RR, Kern,PA: The egression of TNF alpha by human muscle. 
Relationship to insulin resistance. J.ClinJnvest. 97: 1 1 1 1-1 1 16, 1996 



° PHS 398/2590 (Rev. 05/01) Pas e_ Continuation Format Page □ 

39 



S Principal Investigator/Progra m Director (Last first middle): Dunaif. Andrea 

106. Ranganathan,S, Davidson,A^JEffect of tumor necrosis factor-alpha on ba^feid insulin-stimulated glucose 
transport in cultured muscle^phrt cells. Metabolism 45: 1089-1094, 1996 

• 

107. Storz,P, Doppler,H, WernigA, PfizemnaierJK, Muller,G: Cross-talk mechanisms in the development of 
insulin resistance of skeletal muscle cells palmitate rather than tumour necrosis factor inhibits insulin- 
dependent protein kinase B (PKB)/Akt stimulation and glucose uptake. EurJMochem. 266: 17-25, 1999 

108. Frisancho AR: Anthropometric standards for the assessment of growth and nutritional status. The University 
of Michigan Press, 1990, 

109. Xu*X, De Pergola,G, Bjomtorp,P: The effects of androgens on the regulation of lipolysis in adipose 
precursor cells. Endocrinology 126: 1229-1234, 1990 

110. Krakower,GR, Meier,DA, Kissebah,AH: Female sex hormones, perinatal, and peripubertal androgenization 
on hepatocyte insulin dynamics in rats. Am J.Physiol 264:E342-E347, 1 993 

111. Fajans,SS, Bell,GI, Polonsky,KS: Molecular mechanisms and clinical pathophysiology of maturity-onset 
P diabetes of the young. [Review] [68 refs]. New England Journal of Medicine 345:971-980, 2001 

Q 

M|12. DeFronzo,RA, Tobin,JD, Andres,R: Glucose clamp technique: a method for quantifying insulin secretion 

| and resistance. ^mJ'FAys/o/. 237:E214-E223, 1979 

=P3. Bergman,RN: New concepts in extracellular signaling for insulin action: the single gateway hypothesis. 

■ Recent.Prog.Horm.Res. 52:359-385, 1997 

o 

Ukkola,0, Tremblay,A, Bouchard,C: Beta-2 adrenergic receptor variants are associated with subcutaneous 
fU. fat accumulation in response to long-term overfeeding. International Journal of Obesity 25: 1 604- 1 608, 200 1 

m 

115. Hughes, VA, Fiatarone,MA, Fielding,RA, Kahn,BB, Ferrara,CM, Shepherd,P, Fisher,EC, Wolfe,RR, 
Elahi,D, Evans, WJ: Exercise increases muscle GLUT-4 levels and insulin action in subjects with impaired 
glucose tolerance. Am. J. Physiol. 264:E855-E862, 1993 

116. Cline.GW, Petersen,KF, Krssak,M, Shen,J, HundalJRS, Trajanoski,Z, lhzucchi,S, Dresner,A, Rothman,DL, 
Shulman,GI: Impaired glucose transport as a cause of decreased insulin-stimulated muscle glycogen 
synthesis in type 2 diabetes. KEngUMed. 341:240-246, 1999 

117. AlbuJB, Curi,M, Shur,M, Murphy,L, Matthews,DE, Pi-Sunyer,FX: Systemic resistance to the antilipolytic 
effect of insulin in black and white women with visceral obesity. AmJ.Physiol. 277:E551-E560, 1999 

118. MoralesyU, Laughlin.GA, Butzow.T, Maheshwarijl, Baumann,G, Yen,SS: Insulin, somatotropic, and 
luteinizing hormone axes in lean and obese women with polycystic ovary syndrome: common and distinct 
features. J Clin Endocrinol Metab 81:2854-2864, 1996 



a PHS 398/2590 (Rev. 05/01) 



Page_ 

40 



Continuation Format Page ° 



Principal Investigator/Program Director (Last first middle); ^ Dunaif. Andrea 

119. Nielsen,S 5 UerJNf, Christians^fc, rgensen,JO: Pharmacological antilipol^^pstores insulin sensitivity 
during growth hormone Qy^oWUrDiabetes 50:2301-2308, 2001 

120. Bergman^RN: Lilly lecture 1989. Toward physiological understanding of glucose tolerance. Minimal-model 
approach. Diabetes 38:1512-1527, 1989 



121. Dunaif, A, Finegood,DT: Beta-cell dysfunction independent of obesity and glucose intolerance in the 
polycystic ovary syndrome. J.Clin.Endocrinol.Metab. 81:942-947, 1996 



122. Weyer,C, Bogardus,C, Pratley,RE: Metabolic characteristics of individuals with impaired fasting glucose 
and/or impaired glucose tolerance. Diabetes 48:2197-2203, 1999 



123. Weyer,C, PratleyJRE, Salbe,AD, Bogardus,C, RavussinJB, Tataranni^PA: Energy expenditure, fat oxidation, 
and body weight regulation: a study of metabolic adaptation to long-term weight change. Journal of Clinical 
Endocrinology & Metabolism 85:1087-1094, 2000 



124. Weyer,C, Bogardus,C, Mott,DM, PratleyJRE: The natural history of insulin secretory dysfunction and insulin 

SI resistance in the pathogenesis of type 2 diabetes mellitus. Journal of Clinical Investigation 104:787-794, 

O 1999 

W 
M 

«p25. Bergman,RN, Hope,ID, Yang,YJ, Watanabe,RM, Meador,MA, Youn,JH, Ader,M: Assessment of insulin 

4S sensitivity in vivo: a critical review. Diabetes Metab.Rev. 5:4 1 1-429, 1 989 

m 

s . 

*126. Tchernof,A, Starling,RD, Turner,A, Shuldiner^AR, Walston,JD, Silver,K, Poehlman,ET: Impaired capacity 

© to lose visceral adipose tissue during weight reduction in obese postmenopausal women with the Trp64Arg 

■P beta3-adrenoceptor gene variant Diabetes 49: 1709-1713, 2000 

RJ 

ru 

CE27. Ward,WK, Bolgiano,DC, McKnight,B, Halter,JB, Porte,D, Jr.: Diminished B cell secretory capacity in 

FU patients with noninsulin-dependent diabetes mellitus. Journal of Clinical Investigation 74: 13 18-1328, 1984 



128. Kahn,SE, Prigeon,RL, Schwartz,RS, Fujimoto,WY, Knopp,RH, Brunzell,JD, Porte,D, Jr.: Obesity, body fat 
distribution, insulin sensitivity and Islet beta-cell function as explanations for metabolic diversity. [Review] 
[50 refs]. Journal of Nutrition 131:354S-360S, 2001 

129. Ported, Jr., Kahn,SE: beta-cell dysfunction and failure in type 2 diabetes: potential mechanisms. [Review] 
[35 refs]. Diabetes 50 Suppl 1:S160-S163, 2001 

130. Larsson,H, Ahren,B: Glucose-dependent arginine stimulation test for characterization of islet function: 
studies on reproducibility and priming effect of arginine. Diabetologia 41:772-777, 1998 



131. LarssonJK, Berglund,G, AhrenJB: Glucose modulation of insulin and glucagon secretion is altered in 
impaired glucose tolerance. Journal of Clinical Endocrinology & Metabolism 80: 1778-1782, 1995 



o PHS 398/2590 (Rev. 05/01) 



Paga_ 

41 



Continuation Format Page ° 



I Principal Invesfloator/Prot rrarn Director (Last first middle): Dunaif. Andrea 

132. Pratley RE: The role of hn^kd early insulin secretion in the patooge^fcof type H diabetes mellitus 
Diabetologia 44:929-945, 

J 

133. Orskov,C: Glucagon-like peptide-1, a new hormone of the entero-insular axis. [Review! T122 refsl 
Diabetologia 35:701-711, 1992 

134. Ftitsche,A, Stefan,N, Hard^E, Harin&H, Stumvou\M: Characterisation of beta-cell dysfunction of impaired 
glucose tolerance: evidence for impairment of incretin-induced insulin secretion. Diabetologia 43:852-858 
2000 

135. Butler,PC, ChouJ, Carter.WB, Wang,YN, Bu,BH, Chang,D, Chang,JK, Rizza.RA: Effects of meal ingestion 
on plasma amylin concentration in NIDDM and nondiabetic humans. Diabetes 39:752-756, 1990 

136. HovorkaA Chassin,L, Luzio,SD, Playlet Owens,DR: Pancreatic beta-cell responsiveness during meal 
tolerance test: model assessment in normal subjects and subjects with newly diagnosed noninsulin-dependent 
diabetes mellitus. Journal of Clinical Endocrinology & Metabolism 83:744-750, 1998 

|J£7. Cavaghan,MK, EhrmannJDA, Polonsky,KS: Interactions between insulin resistance and insulin secretion in 
O the development of glucose intolerance. [Review] [38 refe]. Journal of Clinical Investigation 106:329-333, 

y 2000 



8. Polonsky,KS: Lilly Lecture 1994. The beta-cell in diabetes: from molecular genetics to clinical research. 
O Diabetes 44:705-717, 1995 

a 

©9. Van Cauter3, Mestrez,F, Sturis,J, Polonsky,KS: Estimation of insulin secretion rates from C-peptide levels. 

•P Comparison of individual and standard kinetic parameters for C-peptide clearance. Diabetes 41:368-377. 

fU 1992 

W 
O 

H£0. 0*Meara,NM, Blackman,JD, EhrmannJ)A, Bames,RB, Jaspan,JB, Rosenfield,RL, Polonsky,KS: Defects in 
beta-cell function in functional ovarian hyperandrogenism. J.ClinMndocrinolMetab. 76:1241-1247 1993 

141. Ehrmann,DA, Sturis,J, Byme,MM, Karrison,T, Rosenfield,RL, Polonsky,KS: Insulin secretory defects in 
polycystic ovary syndrome. Relationship to insulin sensitivity and family history of non-insulin-dependent 
diabetes mellitus. J Clin Invest. 96:520-527, 1995 

142. Larsson,H, Ahreo3: Relative hyperproinsuhnemia as a sign of islet dysfunction in women with impaired 
glucose tolerance. Journal of Clinical Endocrinology & Metabolism 84:2068-2074, 1999 

143. Herman,WH, Fajans,SS, Smiu^MJ, Polonsky,KS, Bell,GI, Halter,JB: Diminished insulin and glucagon 
secretory responses to arginine in nondiabetic subjects with a mutation in the hepatocyte nuclear factor- 
4alpha/MODYl gene. Diabetes 46:1749-1754, 1997 



° PHS 398/2590 (Rev. 05/01) 



Page_ 

42 



Continuation Format Page ° 



'—— Principal Investfaator/Pmoram Director (Las t first midritay Dunaif AnHr^n 

144 - Laf sonJ^r^Bi Glucojafetolerance is predicted by low i nsulin sec A and high fe^ 
outcome of a prospective s^n postmenopausal Caucasian women. DiaWMogia 43 A 94-202; 2000 



145. 



Bergman,RN, PWllips,LS, Cobelli,C: Physiologic evaluation of factors controlling glucose tolerance in man- 
^b^Sum "* beta "° e11 81,10086 fo)m reSp0DSe t0 intavenous glucose'. 



146. Corcoran MH Breda E Cavaghan MK, Imperial J, Polonsky KS, Ehrmann DA: Impaired beta-cell 
/A^Jf^ £ ^ d^ethasone-induced hyperglycemia in women with polycystic ovary syndrome (PCOS) 

^^JSofS 1 " ofthe Endocrine Society - Jme 2m ~ Canada - Ahs «*« 1651 

' 14? ' *ttiis£ii R mf J ' BffeCtS ° f insulin on ^dogenesis in cultured porcine ovarian theca. 

148. Watanabe,RM, Bergman,RN: Accurate measurement of endogenous insulin secretion does not require 
separate assessment of C-peptide kinetics. Diabetes 49:373-382, 2000 

SI 

ST' SSS^blSS^^Jf -1 * AderM - Stea,G: T ° Ward aD fata8n,tod Phen0type iD Pro-NIDDM. 

■p 

S 50 ' ?^ et ^R. Merkel4>: Glucagon-like peptide-1: a major regulator of pancreatic beta-cell function. [Review] 

£3 [56 refsj. European Journal of Endocrinology 143:717-725,2000 

I 51 " ?*S C V r * Clinical ™P ortance of h^sulin secretion and its interaction with insulin resistance in the 

S SittimS;* "* ite complications - C 85 refe l- I™*******- 

0 

0B2. Mhrakou,A , Vuorinen-MarkkolaA Raptis,G, ToftJ, Mokan,M, StrumphJ, Pimenta,W, Veneman,T, 
Jenssen,T, Bolh.G: Simultaneous assessment of insulin secretion and insulin sensitivity using a 
Hyperglycemia clamp. Journal of Clinical Endocrinology & Metabolism 75:379-382, 1992 

153. Kjems,LL, Kirby,BM, Welsh^M, VeldhuisJD, Straume,M, McIntyre,SS, Yang,D, Lefebvre,P, Butler,PO 
Decrease m beta-cell mass leads to impaired pulsatile insulin secretion, reduced postprandial hepatic insulin 
clearance, and relative hyperglucagonemia in theminipig. Diabetes 50:2001-2012, 2001 

154. Boden,G, ChertX, Polansky,M: Disruption of circadian insulin secretion is associated with reduced glucose 
uptake in first-degree relatives of patients with type 2 diabetes. Diabetes 48:2182-2188, 1999 

155 ' ch^^rt^^', 1 ^^ Sc ! m ? nauer > S > Harin 8^ Stumvoll,M: A novel hyperglycaemic clamp for 
charactenzation of islet function m humans: assessment of three different secretagogues, maximal insulin 
response and reproducibility. European Journal of Clinical Investigation 30:41 1-418, 2000 



a PHS 398/2590 (Rev. 05/01) 



Page 

43 



Continuation Format Page ° 



— Principal Investfaator/Prngr gm Director (Last first middle): Dnnaif AnHroo 

156 " ™Zt Fah 7?' Re « S f r ^^u^ by the human feAts role in morplo^TaS 
^control by gonadotropins, (^bw] [62 refs]. S/rtA Defects: Original ArncWeries 13:41-58, 1977 

157. Nagamani,M, McDonough,PG, EllegoodJO, Mahesh,VB: Maternal and arnniotic fluid steroids throughout 
human pregnancy. American Journal of Obstetrics & Gynecology 1 34:674-680, 1979 

158. Robinson,JD, Judd,HL, Young,PE, Jones,OW, Yen,SS: Amniotic fluid androgens and estrogens in 
midgestation. Journal of Clinical Endocrinology & Metabolism 45:755-761, 1977 

159. Forest,MG, de Peretti,E, LecoqA Cadillon£, ZaboyVTT, ThoulonJM: Concentration of 14 steroid 

J?^™ m ,io? iai1 amniotic of midpregnancy. Journal of Clinical Endocrinology & Metabolism 
Ji.olo-o22, 1980 



160. Simmons,D, France,JT, Keelan,JA, Song,L, Knox,BS: Sex differences in umbilical cord serum levels of 
mhibra, testosterone, oestradiol, dehydroepiandrosterone sulphate, and sex hormone-binding globulin in 
human term neonates. Biology cf the Neonate 65:287-294, 1994 

JS1. Wudy,SA, Dorr,HG, Solleder,C, Djalali,M, HomokiJ: Profiling steroid hormones in amniotic fluid of 
O midpregnancy by routine stable isotope dilution/gas chromatography-mass spectrometry: reference values 
Sj SiTS^4 272^99 &r 21 " hydlOX5daSe deficienc y- Journal °f VMccd Endocrinology & 

I 52 ' a 3 "?' 8, L ^! n t LS : Ceder< l vist ' LL ' Fuentes,M, Riccardi,VM, Holcombe,JH, Mtowsky,HM, Sachs,G 

f Anf erson,CE Duchon^lA, Owens,R, MerkatzJ, New,MI: Amniotic fluid concentrations of delta 5 and 

• delta 4 steroids in fetuses with congenital adrenal hyperplasia due to 21 hydroxylase deficiency and in 

| anencepnalic fetuses. Journal of Clinical Endocrinology & Metabolism 51:223-229, 1980 

FU 

g>3. Barbieri,RL Saltzman,D, Torday JS, Randall RW, Frigoletto FD, Ryan KJ: Elevated concentrations of the 
H B -subumt of human chorionic gonadotropin and testosterone in the amniotic fluid of gestations of diabetic 
«« mothers. AmJObstetGynecol. 154:1039-1043, 1986 

164. Longcope.C: Adrenal and gonadal androgen secretion in normal females. [Review] [94 refs]. Clinics in 
Endocrinology & Metabolism 15:213-228, 1986 

165. Rabinovici,J, Jaffe,RB: Development and regulation of growth and differentiated function in human and 
subhuman primate fetal gonads, [erratum appears in Endocr Rev 1991 Feb;12(l):90.1. [Review] [276 refs] 
Endocrine Reviews 11:532-557,1990 J " 

166. BarbierUL, Makri S ,A, RandaltfW, Daniels,G, Kistner,RW, Ryan,KJ: Insulin stimulates androgen 
accumulation m incubations of ovarian stroma obtained from women with hyperandrogenism. 
J.Clin.EndocnnolMetab. 62:904-910, 1986 



167. Caroenter,MW, CanickJA, StarJA, Shellum,C, Somerset: A high-sensitivity assay for amniotic fluid 
insulin at 14-20 weeks' gestation. Obstetrics & Gynecology 94:778-782, 1999 

a PHS 398/2590 (Rev. 05/01) ~~ Paoe 7~r, Z — Z 

' •'age- Continuation Format Page a 

44 



- Principal Investigator/Proaram Director (La st first middle): Dunaif AnHrpa 

168. ^"M^' D00ley ' SL> ° gata ' ES ' Gr ^ : ^otic fluid insun n 
^concentration as a predictoi^pjesity. Archives of Disease in Childhood oiBfto-1052, 1990 

169. Carpenter,MW, CanickJA, Star,J, Carr.SR, Burke,ME, Shahinian^C: Fetal hyperinsulinism at 14-20 weeks 
and subsequent gestational diabetes. Obstetrics & Gynecology 87:89-93, 1996 

170. Kaplan,SL, Grumbach,MM: Pituitary and placental gonadotrophins and sex steroids in the human and sub- 
human primate fetus. [Review] [1 14 reft]. Clinics in Endocrinology & Metabolism 7:487-51 1, 1978 

> 

171. HofmanJPL, Cutfield,WS, Robinson^M, Bergman,RN, Menon,RK, Sperling,MA, Gluckman,PD: msulin 
resistence m i short children with intrauterine growth retardation. Journal of Clinical Endocrinology & 
Metabolism 82:402-406, 1997 



172. Jaquet,D, Leger,J, ChevenneA Czernichow^, Levy-Marchal,C: Intrauterine growth retardation predisposes 
to insulin resistance but not to hyperandrogenism in young women. Journal of Clinical Endocrinology & 
Metabolism 84:3945-3949, 1999 

J73. Ibanez,L, Ong,K, Potau,N, MarcosJMV, de Zegher,F, Dunger,D: Insulin gene variable number of tandem 

H ^ genotype and the low birth weight, precocious pubarche, and hyperinsulinism sequence. Journal of 

W Clinical Endocrinology & Metabolism 86:5788-5793, 2001 

S 74 * ^T^ 9 ^ 9 ?. eards ' F? BrtsatyntA AppIeton,M, HarveyJR, Ellard,S: Mutations in the glucokinase gene 

Q of the fetus result in reduced birth weight [see comments.]. Nature Genetics 19:268-270, 1998 

k 

8P5. Goland,RS, Jozak,S, Warren,WB, ConwellJM, Stark,RI, Tropper^J: Elevated levels of umbilical cord 
S Me^o^m77T^U^m3 OTm ° nG ™ gn>Wth " rel2rded fetuses - Journal °f Cltnical Endocrinology & 

m eaot5m ■ 9 .^93 

RF6. Yoon.BH, Romero^, Jun,JK, Maymon,E, Gomez,R, Mazor.M, ParkJS: An increase in fetal plasma Cortisol 
but not dehydroepiandrosterone sulfete is followed by me onset of preterm labor in patients with preterm 
premature rupture of the membranes. American Journal of Obstetrics & Gynecology 179: 1 107-1 1 14, 1998 

177. Saverman,BL, Metzger3E, Cho,NH, Loeb.CA: Impaired glucose tolerance in adolescent offspring of 
diabetic mothers. Relationship to fetal hyperinsulinism. Diabetes Care 18:61 1-617, 1995 

178. Zhang,!, Bowes,WA, Jr.: Birth-weight-for-gestational-age patterns by race, sex, and parity in the United 
States population. Obstetrics & Gynecology 86:200-208, 1995 . 

179. CatalanoPM, Thomas AJ, AvaUoneJ), Amini SB: Anthropometric Estimation of Neonatal Body 
Composition. AmJObstet.Gynecol. 173:1176-1181, 1995 

180. Whitelaw A: Subcutaneous Fat in Newborn Infants of Diabetic Mothers: An Indication of Quality of 
Diabetic Control. Lancet i: 1 5- 1 8, 1 977 



a PHS 398/2590 (Rev. 05/01) 



Pafle - Continuation Format Page o 

45 



.* 



Principal Investiaator/Proora m Director fl^st first middle): Dunarf Andrea 

l82 - sssm 

183 " w 3 ^'^ 1, A 00 ^ Barbetti,F, Quon^J, de la Luz,S, Suzuki,Y, Koller^, Levy-Toledano R, 

Wertheimer^: Mutations m tiie insulin receptor gene. Endocr.Rev. 13:566-595, 1992 

184. Bezerra RM^CVSTPRJMSSSSM, (Ed): The Gly972Arg Polymorphism in Insulin Receptor Substrate-1 Is 
Associated With Decreased Birth Weight in a Population-Based Sample of Brazilian Newborns. Diabetes 
Care 25:550-553, 2002 

185. Josbi,R, Dunaif,A: Ovarian disorders of pregnancy. EndocrinoLMetab.Clin.North Am. 24:153-169, 1995 

186. GerichJfE: The genetic basis of type 2 diabetes mellitus: impaired insulin secretion versus impaired insulin 
sensihvity. £«<focr.J?ev. 19:491-503, 1998 

P 

|87. Azziz,!?, ffincapie,LA, Knochenhauer,ES, DewaillyA Fox,L, Boots,LR: Screening for 21-hydroxylase- 
2 72^l?92T n i999 S1C hypCrplasia among ^^^genic women: a prospective study. FertiLSteril 

f ' 

•p58. OseMC, Schuster,DP: Effects of race and ethnicity on insulin sensitivity, blood pressure, and heart rate in 
three ethnic populations: comparative studies in African-Americans, African immigrants (Ghanaians) and 

P white Amencans using ambulatory blood pressure monitoring. ^mJlirjyerte/w. 9:1157-1164, 1996 

4= 
RJ 

2? 9 ' ^ 0d ^^ Hairis ' MI ' Halkin,H: Evaluation of WHO and NDDG criteria for impaired glucose tolerance 

O Results from two national samples. Diabetes 38:1630-1635, 1989 

hj 

190. Azziz,R DewaillyA Owerbach,D: Clinical review 56: Nonclassic adrenal hyperplasia: current concepts 
J.Clin.EndocrinolMetab. 78:810-815, 1994 concepis. 



m 



191. Legro,RS, Kunselman^R, Dodson,WC, Dunaif,A: Prevalence and predictors of risk for type 2 diabetes 
mellitus and impaired glucose tolerance in polycystic ovary syndrome: a prospective, controlled study in 254 
af&ctedwomen. J.ain.Endocrinol.Metab. 84:165-169, 1999 ' 

192. Ehrmann,DA, Barnes^B, Rosenfield^L, Cavaghan,MK, Imperial,!: Prevalence of impaired glucose 
tolerance and diabetes m women with polycystic ovary syndrome. Diabetes Care 22: 141-146, 1999 

193. Fulejhan,GE, TestaJVl, AngeHJ, Porrino,N, Lebor^M: Reproducibility of DXA Absorptiometry: A Model 
for Bone Loss Estimates. J.Bone.Miner.Res. 10: 1004-1014, 1995 



° PHS 398/2590 (Rev. 0S/01) 



Page _ 

46 



Continuation Format Page a 



! Principal Investiga to r/Program Director (Last first mlddteV. ^ Dunaif. Andrea 

194. Jensen,MD, Kanaley, JA, flKjE, Sbeedy,PF: Measurement of abdom^MpiTArisceral fat with computed 
tomography and dual-energPPray absorptiometry. Am J, Clin.Nutr. 61:2/4^8, 1995 

195. Ogata,ES, Freinkel,N, Metzger,BE, Phelps,RL, DeppJR, Boehm,JJ, Dooley,SL: Perinatal islet function in 
gestational diabetes: assessment by cord plasma C-peptide and amniotic fluid insulin. Diabetes Care 3 425- 
429, 1980 



196. Van Assche,FA, Dallequin,MC, Holemans,K: Glucose and insulin concentration in amniotic fluid and in 
maternal blood in early and in late pregnancy. Diabetes Research & Clinical Practice - Supplement 10:133- 
135, 1990 

197. FalluccaJF, SciulloJS, Napoli,A, Cardellini,G, Maldonato,A: Amniotic fluid insulin and C peptide levels in 
diabetic and nondiabetic women during early pregnancy. Journal of Clinical Endocrinology & Metabolism 
81:137-139,1996 



198. Caipenter,MW, CanickJTA, HoganJW, Shellum,C, Somers,M, StarJA: Amniotic fluid insulin at 14-20 
weeks 1 gestation: association with later maternal glucose intolerance and birth macrosomia. Diabetes Care 
24:1259-1263,2001 

91 



^ Dunaif,A, Scott,D, Finegood,D, Quintana3, Whitcomb,R: The insulin-sensitizing agent troglitazone 
improves metabolic and reproductive abnormalities in the polycystic ovary syndrome. 
g JClin.EndocrinoLMetab. $1:3299-3306, 1996 



0. Orskov,C, Holst,JJ: Radio-immunoassays for gjucagon-like peptides 1 and 2 (GLP-1 and GLP-2). 

s Scandinavian Journal of Clinical & Laboratory Investigation 47: 165-174, 1987 

9 

pj]>l. Getty,L, Panteleon,AE, Mittelman,SD, DeaJMK, Bergman,RN: Rapid oscillations in omental lipolysis are 

ftj independent of changing insulin levels in vivo. JClinJnvest. 106:421-430, 2000 

\2. Dunaif;A: Do androgens directly regulate gonadotropin secretion in the polycystic ovary syndrome? 
J.Clin.EndocrinoLMetab. 63:215-221, 1986 



203, Anthropometric standardization reference manual. Champaign, Human Kinetic Books, 1988, 



H. CONSORTIUM AND CONTRACTUAL AGREEMENTS. None. 

I. CONSULTANTS 

1. Dr. David Ehrmann, University of Chicago, will assist in the recruitment of PCOS women from his large 
population of subjects. 

2. Dr. Richard S. Legro, Pennsylvania State University, will recruit and study pregnant PCOS women at 
Hershey Medical Center on a fee-for-service basis for Study 3. 



a PHS 398/2590 (Rev. 05/01) 



Page_ 

47 



Continuation Format Page a 



Proc NatL Acad, Scl USA 

Vol. 96, pp. 8573-8578, July 1999 

Genetics 



Thirty-seven candidate genes for polycystic ovary syndrome: 
Strongest evidence for linkage is with folUstatin 

Margrit Urbanek* Richard S. LegroI", Deborah A. Dwscoix*, Ricardo Azziz§ David A EhrmanmH 
Robert J. NormanO, Jerome F. Strauss, in*, R IC hard S. Spieu^*.' V^^^ Du^tt ' 

of Alabama, Btaningham, AL 35233- Wrtnent Sfedfctoe ^JkZ?**£ of ^JS^"" 0 ? ° f }^ ttme ' 2F? 0tetetclcs Gynecology, Univercity 
Edited by Melvm M. Grumbach, University of California, San Francisco, CA, and approved April 23, 1999 (nceived for wiew March 15, 1999) 



ABSTRACT Polycystic ovary syndrome (PCOS) is a com- 
mon endocrine disorder of women, characterized by hyperan- 
drogenism and chronic anovulation. It is a leading cause of 
female infertility and is associated with polycystic ovaries, 
hirsutism, obesity, and insulin resistance. We tested a care- 
fully chosen collection of 37 candidate genes for linkage and 
association with PCOS or hyperandrogenemia in data from 
150 families. The strongest evidence for linkage was with the 
follistatin gene, for which affected sisters showed increased 
identity by descent (72%; x* = 12.97; nominal P = 3J2x 10~ 4 ) 
gi After correction for multiple testing (33 tests), the follistatin 
O findings were still highly significant (P c = 0.01). Although the 
y linkage results for CYP11A were also nominally significant 
<y CP - 0.02), they were no longer significant after correction. In 
2 candidate gene regions, at least one allele showed nominally 

* significant evidence for population association with PCOS in 
the transmission/disequilibrium test (jf S 3.84; nominal P < 

p 0.05). The strongest effect in the transmission/disequilibrium 
jg tcst was observed in the INSR region (D19S884; allele 5; = 

• 8.53) but was not significant after correction. Our study shows 
* now a systematic screen of candidate genes can provide strong 
O evidence for genetic linkage in complex diseases and can 
J£ identify those genes that should have high (or low) priority for 
||| further study. 

m — ■ 

^Polycystic ovary syndrome (PCOS) is a common endocrine 
^disorder that is found in «*4% of women of reproductive age 
m (1) and results in reduced fertility and a 7-fold increased risk 
for type 2 diabetes mellitus (2). The syndrome is characterized 
by hyperandrogenism and chronic anovulation. It is also 
associated with polycystic ovaries, hirsutism, obesity, and 
insulin resistance. The observation of familial aggregation of 
PCOS (3-5) is consistent with a genetic basis for this disorder. 
However, the mode of inheritance of PCOS has not been 
firmly established. Although some studies support a single 
dommant gene with high penetrance (6-8), others do not (9). 

Several pathways have been implicated in the etiology of 
PCOS. These include the metabolic or regulatory pathways of 
steroid hormone synthesis (10, 11), regulatory pathways of 
gonadotropin action (12), the insuun-signaling pathway (13- 
15), and pathways regulating body weight (16). Several genes 
from these pathways have been tested as candidate genes for 
PCOS (10, 11, 17-23). In particular, in the insulin receptor 
gene (INSR), mutations have been identified in several rare 
syndromes that, like PCOS, are characterized by hyperandro- 
genism and insulin-resistant diabetes mellitus. These syn- 
dromes include leprechaunism, Rabson-Mendenhall syn- 
drome, and type A syndrome (20-23), Although mutation 
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analysis, linkage studies, and case-control association studies 
have been carried out with these candidate genes, evidence 
that any of them play a role in PCOS has not been replicated 
widely and is still inconclusive. These uncertainties are com- 
mon in "complex" genetic diseases, where identifying the 
contributing genes is made difficult by likely genetic hetero- 
geneity, environmental contributions, and multiple etiologies. 

As an initial step in the identification of genes playing a role 
in the etiology of PCOS, we carried out a genetic analysis of 
37 candidate genes for PCOS. We chose to analyze candidate 
genes for PCOS, in part because several well characterized 
metabolic pathways and candidate genes had been implicated 
in the etiology of PCOS, but also because we have not yet 
assembled enough families to carry out a complete genome 
scan. We tested for linkage with the candidate genes by the 
affected sib-pair (ASP) test (24), and we tested for association 
between alleles of the candidate gene markers by the trans- 
mission/disequilibrium test (TDT; ref. 25). These methods 
require no assumption about mode of inheritance, and the 
TDT, unlike case-control studies, is not influenced by popu- 
lation structure or heterogeneity (26). 

MATERIALS AND METHODS 

Family Ascertainment and Phenotypes. We studied 150 
nuclear families with at least one affected index case. Among 
the families, 148 were of European origin and 2 were of 
Caribbean origin. Criteria for diagnosis are described by Legro 
et aL (6). Briefly, an index case was considered affected if she 
met the following criteria: chronic menstrual irregularity (am- 
enorrhea or ^ six menses per year; ref. 27) and hyperandro- 
genemia (HA), Le., elevated levels of total testosterone or 
testosterone not bound to sex hormone-binding globulin. 
Hormone levels were considered elevated if they were more 
than two standard deviations above the control mean; in our 
assay these thresholds were 58 ng/dl and 15 ng/dl for total 
testosterone and testosterone not bound to sex hormone- 
binding globulin, respectively. Nonclassical 21-hydroxylase de- 
ficiency, hyperprolactinemia, and androgen-secreting tumors 
were excluded (28). HA is a salient and unambiguous bio- 
chemical feature of PCOS and is found in a significant 
proportion of sisters of patients with PCOS, even in the 
absence of oligomenorrhea (6, 8, 29). Our previous studies 
have suggested that HA is the major reproductive endocrine 
phenotype in our £ amilies with PCOS (6). For genetic analysis, 
therefore, female relatives of index cases were considered 
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#ted if they had elevated androgen levels, whether or not 
„ had oligomenorrhea (6), and we used the designation 
"PCOS/HA" to describe this combined category. Female 
relatives were not screened for nonovarian causes of HA. 
Women were considered unaffected if they had normal circu- 
lating androgen levels, were not taking any confounding 
medications (e.g., oral contraceptives or insulin-sensitizing 
agents), and had regular menstrual cycles (menses every 27-35 
days; ref. 6). Women not of reproductive age and those not 
• fulfilling the criteria for affected or unaffected phenotypes 
were assigned the phenotype "unknown" (6). Because the 
male phenotype corresponding to PCOS is unclear, all men in 
the study also were assigned the phenotype "unknown." 

There were 134 sisters of index cases; 39 sisters were affected 
(PCOS/H A); 46 sisters were unaffected; and for 49 sisters, the 
phenotype was unknown. Of the 39 affected sisters, 14 had HA 
but not oligomenorrhea. Among the 28 multiplex families, the 
number of sibships with two, three, four, or five affected 
offspring were 21, 4, 2, and 1, respectively. Maximum sample 
size for IDT was 163 trios (affected daughter and both 
parents). 

Candidate Genes. We chose 37 candidate genes from four 
metabolic pathways that have been implicated in the etiology 
of PCOS (Table 1). These 37 genes map to 33 distinct 
chromosomal locations. Where possible, we typed polymor- 
phic sites within each candidate gene. For candidate genes 
SRwithout polymorphisms, we chose closely linked short tandem 
© repeat polymorphisms (STRPs). For 28 of the 37 candidate 
yj genes, there is at least one polymorphic marker within 1 cM of 
sythe candidate gene. For the remaining nine candidate genes, 
^polymorphic markers are 1-4 cM from the candidate gene. 
=P Radiation Hybrid (RH) Mapping. Candidate genes for 
*p which accurate mapping information was not available were 
Q mapped physically by using the Stanford Human Genome 
jg Center (SHGC) medium resolution G3 RH mapping panel 
4* (Research Genetics, Huntsville, AL). DNA (40 ng) from each 
^_ somatic hybrid clone was amplified in a total volume of 8 pi in 
Qthe presence of 200 pM dNTPs (Amersham Pharmacia), 10 
jjgmM Tris-HQ (pH 8.3), 50 mM KC1, 1.0-2.0 mM MgCfe, 0.36 
3gunits AmpliTaq polymerase (Roche Molecular Systems, 
tvBranchburg, NJ), and 0.5 yM of each primer. The forward 
fyprimer was labeled with [r- 33 P]ATP and samples were elec- 
Qtrophoresed on 6% acrylamide, 5 M urea gels at 70 W. Care 
fywas taken to choose primers that showed low levels of cross- 
1 ~species homology and, when relevant, low levels of homology 
to closely related human genes. Genotypes for the RH panel 
were submitted to a web server (shgc-www.stanford.edu) man- 
aged by the SHGC for chromosomal localization. STRP mark- 
ers were chosen to map as closely as possible to the location 
determined by RH mapping (see Results). 

Genotyping. Genotypes were determined at 45 polymorphic 
loci linked to the 37 candidate genes (Table 1), and the 44 
STRPs were assayed by denaturing PAGE. Radioactively 
labeled primers were used to label 2 of the STRPs (at AR and 
D21S921), whereas the remaining 42 STRPs were visualized by 
using f luorescently labeled primers and the ABI Sequencing 
system (PE Applied Biosystems). The Hphl site at the insulin 
gene VNTR is a single nucleotide porymorphism, used as a 
surrogate for the VNTR itself (30), and was assayed by 
single-strand conformational polymorphism analysis. 

For each fluorescently labeled STRP, 45 ng of genomic 
DNA was amplified as described for the RH mapping, except 
that the forward primer was fluorescently labeled. For some 
markers, it was necessary to add 9% (vol/vol) DMSO to obtain 
suitable PCR product The STRPs were grouped in five 
"panels" of eight or nine markers each. The PCR products of 
any one panel were pooled to give approximately equal signal 
intensities. Pooled PCR products were electrophoresed in the 
presence of an internal size standard (Genescan 500) on 4% 
acrylamide, 5 M urea denaturing gels by using a 377 DNA 
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sequencer (PE Applied Biosystems, Foster City, CA). Ge- 
notypes were determined by using the genescan analysis 
and genotyper programs (PE Applied Biosystems, Foster 
City, CA). 

The radioactive PCRs were carried out as described for the 
RH mapping. The PCRs for the Hphl polymorphism were 
carried out as described for the fluorescently labeled primers, 
in the presence of 1.5 mM MgCI 2 and [a- 33 P]dCTP. Samples 
were electrophoresed overnight at room temperature at 9 W 
on an MDE gel (FMC). 

Statistical Analysis. The extent of identity by descent (IBD) 
in ASPs was used to test for linkage between the candidate 
gene and PCOS/HA (24). To incorporate sibships with more 
than two affected sisters, IBD was calculated by using the 
weighting scheme described by Suarez and Hodge (31). This 
method takes into account the fact that the sib pairs in larger 
sibships are not all independent and sometimes results in 
fractional numbers of transmitted alleles. The conventional 
statistic calculated with these data is "conservative"; the true 
significance levels would be more extreme than those quoted. 
In the present study of 33 independent regions, the apparent 
significance of any single test will be exaggerated as a result of 
the multiple tests. The P value for each single test was, 
therefore, multiplied by 33, and where appropriate, we also 
report the resulting corrected value P c . Haplotypes used in 
multilocus IBD analysis were generated by the genhhtjnter 
program (32) when both parents were available. Otherwise 
haplotypes were reconstructed manually (see below). We 
tested for association between specific alleles at the candidate 
gene markers and PCOS/HA by using the TDT (25). 

Missing Parental Genotypes. DNA samples could not be 
obtained from 20 parents. The analysis of sharing in families 
with one or two missing parental genotypes was done only if 
the transmissions to the affected could be determined unam- 
biguously and without bias. Genotypes for missing parents 
were reconstructed by using genotypes of unaffected siblings 
or those with unknown phenotype. None of these siblings were 
included in the statistical analysis. Among the 28 multiplex 
families, there were 4 with one parent missing and 2 with both 
missing. For the TDT, when one parent was missing, the 
available parent's genotype was used only if the inheritance 
could be determined unambiguously and without bias in 
affected individuals (33, 34). 

RESULTS 

RH Mapping. RH mapping localized eight candidate genes 
whose detailed map positions were previously unknown. The 
results of chromosomal localization, as determined with the 
SHGC web server, are shown in Table 2. Two-point logarithm 
of odds scores between the candidate gene and the most closely 
linked marker ranged from 8.5 (SHBG) to 1,000 (INHA and 
MADH4), indicating high confidence in the localizations. The 
markers used for RH mapping were nonpolymorphic ex- 
pressed sequence tags; using the RH localization, we chose a 
closely linked highly polymorphic STRP for genotyping. The 
polymorphic markers used for the genetic analysis are indi- 
cated with the approximate map distance between the marker 
and candidate gene in centimorgans (Table 2). 

ASP Analysis. The results of the ASP analysis for all 33 
regions are shown in Fig. 1. By far the strongest evidence for 
linkage was observed for follistatin. The IBD for D5S62S, the 
marker mapping closest to follistatin, was 72% (33.8 of 47 
transmissions; - 8.97; P = 2.7 X 10" 3 ). Haplotypes gen- 
erated from D5S623 and two flanking STRPs also showed 72% 
IBD (47.9 of 66.5 transmissions), but the increase in the 
number of informative transmissions (from 47 to 66.5) resulted 
in a 2 = 12.91 (P = 3.27 X 10 -4 ). Even after correction for 
multiple testing, this finding remains statistically significant (P c 
49= 0.01). The IBD for the 25 ASPs with PCOS (HA and 
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Distance, in 
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Steroid hormone 
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a 
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AR 


0J5S5/9 


CYPJJA 


Z)i5.£520 


CYP11A 


D10S192 


CYP17 


CYPJ9 


CYP19 


D27S934 


HSD17B2 


HSD27B2 


HSD17B2 


D9S1809 


HSD17B3 


D1S514 


HSD3B1+2 


D8S2822 


STAR 


Gonadotropin action 




D12S347 


ACTR2 


D2S2335 


ACTR2A 


D3SJ298 


ACTR2B 


OSS474 


FS 


D5S623 


FS 


D5S822 


FS 


D2S263 


INHA 


INHBA 


INHBA 


D2S293 


INHBB 


D12S1691 


INHC 


D27S2353 


SHBG 


D2S1352 


LHCGR 


D2S13S2 


FSHRt 


D18S474 


MADH4 


Obesity and energy regulation 




D18S64 


MC4R 


D7S1875 


OB 


D1S298 


OBR 


D2S131 


POMC 


DUS911 


UCP2+3 


Insulin action 




IGF2 


IGFl 


IGF2R 


IGF1R 


D7S519 


IGFBP1+3 


Hphl site 


INSVNTR 


INSR 


INSR 


D19S216 


INSR 


D19S905 


fNSR 


D19S884 


INSR 


D19S922 


INSR 


D19S391 


INSR 


D29S865 


INSR 


D19S906 


INSR 


D19S840 


INSR 


DI9S222 


INSL3 


D19S410 


INSL3 


IRS1 


IRS2 


D3S2263 


PPARG 



Androgen receptor 

CYPllA-cytochrome P450 side-chain cleavage enzyme 

CYFllA-cytochrome P450 side-chain cleavage enzyme 

CYP17-cytochrome P450 17a-hydroxyiase/17,20-desmolase 

CYP19-cytochrome P450 aromatase 

17 0-hydroxysteroid dehydrogenase, type I 

17 /3-hydroxysteroid dehydrogenase, type II 

17 /3-hydroxysteroid dehydrogenase, type III 

3 ^-hydroxysteroid dehydrogenase, type I and II 

Steroidogenic acute regulatory protein 

Activin receptor 1 
Ac twin receptor 2A 
Activin receptor 2B 
Follistatin 
Follistatin 
Follistatin 
Inhibin A 
Inhibin 0-A 
Inhibin /3-B 
Inhibin C 

Sex hormone binding globulin 
Luteinizing hormone/choriogonadotropin receptor 
Fo Ui cl e- stimula ting hormone receptor 
Mothers against decapentaplegic homolog 4 

Melanocortin 4 receptor 
Leptin 

Leptin receptor 
Pro-opiomelanocortin 
Uncoupling protein 2+3 

Insulin-like growth factor I 
Insulin-like growth factor I receptor 
Insulin-like growth factor binding protein 1 + 3 
Insulin gene VNTR 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Insulin receptor 
Leydig insulin-like protein 3 
Leydig insulin-like protein 3 
Insulin receptor substrate 1 
Peroxisome proliferator-activated receptor-gamma 



The list contains 45 polymorphic markers closely linked to 37 PCOS candidate genes 
•Distance between polymorphic marker and candidate gene. 
*D2S2352 was used for the two closely linked genes, LHCGR and FSHR. 
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2cen-2ql3 
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17pl3.2 


<2 


2p21 


<2 


2p21 


<1 


I8q21 


<3 


18q21.32 


0.2 


7q33. 3-32.1 


0.5 


lp31 


<1 


2p23 


<4 


llql3 


0 


12q22-23 


0 


15q25-26 


1 


7pl3-7pl2 


0 


llpl5.5 


0 


19pl3.3 


4.2 


19pl3.3 


0 


19pl33 


1.2 


19pl3.3 


1.2 


19pl3.3 


3.6 


19pl3.2 


7.2 


19pl3.2 


11 


19pl3.2 


14 


19pl3.2 


<1 


19pl3.1 


<1 


I9pl3.1 


0 


2q36-37 


<0J2 


3p25-24.2 



menstrual irregularities) did not differ appreciably from that 
for the 14 ASPs where the nonindex sister had HA alone (data 
not shown). 

We also found a modest increase in sharing at CYP11A. TED 
was 62% for each of the two markers tested in this region. 
Haplotypes generated from these markers elevated the IBD to 
67% = 5.34). However, after correction for multiple 
testing, these results were not statistically significant at the P = 
0.05 level. For several other markers (ACTR2A 9 AR, INSR, and 
IRS1), IBD was ***60%, but in each case, small sample size 
(^36 transmissions) led to nonsignificant results. 



TOT. The results of the TDT are shown in Fig. 2. Only alleles 
with at least 10 transmissions from a heterozygous parent to an 
affected daughter were included in the analysis. There were 
349 such alleles. There was evidence for association (j? > 3.84; 
nominal P < 0.05) between at least one allele and PCOS/HA 
for 14 markers, mapping to 11 candidate genes (CYP17, 
CYP19, HSD17B2, IGFBP1+3, INHBB, INHC, INSL3, INSR, 
MADH4, OB, and POMC). The largest TDT was observed in 
the INSR region with allele 5 otD19S884 (x 2 = 8.53; P = 0.004; 
see Table 3). After correction for 349 tests, however, no alleles 
jQhad a significantly elevated TDT. 
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Table 2. RH mapping of candidates genes for PCOS 



Gene* 


Chrnmn^nmal 
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location 
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STRP marlcpr 

analysis 


i^taioUM? uctwccu 

CnPPP anH 
oijvt ttuu. 

(,<UlLUUalC gCEIC| 

cM 


FS 


5pl4 


SHGC-36388 


13.8 


D5S623 


<05 


SHBG 


17pl3.2 


SHGC-35513 


8.5 


D17S1353 


<1.0 


TNHA 


2q36.1 


SHGC-11864 


1,000 


D2S163 


<1.0 


INHC 


12ql3 


AFM312XF5 


113 


D12S1691 


<1.0 


ACTRI 


12ql3.12 


AFM298ZB1 


9.4 


D12S347 


<0.8 


ACTR2A 


2q222 


SHGC-9391 


103 


D2S2335 


<1.0 


ACTR2B 


3p22.2 


SHGC-115353 


9.1 


D3S1298 


<1.0 


MADH4 


18q21 


SHGC-33967 


1,000 


D18S474 


<U0 



* Abbreviations are defined in Table 1. 

tTwo-point maximum logarithm of odds score between candidate gene and most closely linked marker. 



Previously Tested Candidate Genes. We tested five gene 
regions (INS VNTR, CYP11A, CYP19, CYP17, and JNSR) that 
have been previously tested by others for association or linkage 
to PCOS. In those studies (10, 11, 35, 36), PCOS was defined 
by polycystic ovaries (and various associated findings) and 
premature male pattern baldness (proposed as the male phe- 
notype corresponding to PCOS). Waterworth et al (36) found 
evidence for linkage with the insulin gene VNTR polymor- 
jpa phism (nonparametric linkage score = 3.25; P = 0.002). We 
did not see any significant excess IBD (IBD = 51%) in this 
€3 region. Our results for this gene and other previously tested 
|3| genes are shown in Table 3. Waterworth and colleagues (35, 
Sj' 36) also found evidence for association betwe.en the insulin 
jg VNTR and PCOS but only in the form of preferential trans- 
*P mission of the class in allele of the insulin VNTR from 
heterozygous fathers (x 2 = 7.54; P = 0.006), but not from 
O mothers, to daughters with PCOS. In contrast, we saw no 
evidence for association between the class m alleles of the 
a insulin VNTR and PCOS/HA. This finding held for transmis- 
q sions from both parents to daughters with PCOS/HA or 
*=* specifically from either fathers or mothers to affected daugh- 
45 ters. In fact, there is a nonsignificant excess in the direction 
j|j opposite to that observed by Waterworth et al (36). 
py Gharani et al. (10) found evidence for linkage with the 
cholesterol side-chain cleavage enzyme, CYP1JA, (nonpara- 
metric linkage score - 3.03; P - 0.003). They allowed for 
FtJ genetic heterogeneity and estimated that ^60% of their 20 
families had the linked form. We analyzed two of the STRPs 
tested by Gharani et al (ref. 10; D15S519 and D15S520) and 
found modest evidence for linkage (see above). 
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Fig. 1. Summary of ASP analysis. IBD results for the marker with the 
highest IBD in each candidate gene region are shown. IBD was 
calculated for 39 ASPs in 28 families at each of 33 candidate gene 
regions (x axis). The IBD expected under the null hypothesis of no 
linkage is 50%. The only a 2 value > 3.84 (critical value forP < 0X15) 
is for f oflista tin. 



Gharani et al (10) also found an association with D15S520, 
which is located in the promoter region of CYP11A. They 
found that, compared with controls, allele 5 of D15S520 was 
seen significantly less often in affected women (P = 0.03) and 
in women with elevated androgen levels alone (P = 0.002). In 
our families, there was no significant association between 
PCOS/HA and any alleles at this marker or the closely linked 
D15S519; allele 5 of D15S520 was transmitted at a slightly 
reduced frequency (72:82), but the difference was not statis- 
tically significant. 

Gharani etal (10) were able to exclude linkage with CYP19. 
We also found no significant evidence for linkage in this region 
(IBD = 51%). There were two alleles with elevated TDT 
(allele 6, x 2 - 4.35; allele 7, x* =* 6.67), but after correction for 
multiple testing, these findings were no longer statistically 
significant. 

like Carey et al (11), we found no evidence for linkage 
between CYP1 7 and PCOS/HA (IBD = 49%). Carey etal (11) 
did find evidence for association with a variant nucleotide in 
the CYP17 promoter region, although these findings did not 
remain significant when more patients were added to the 
analysis (37). We found that one allele (allele 10 oiD10S192) 
in the CYP17 region does have a somewhat elevated TDT (x 2 
= 6.87), but after correcting for multiple testing, this finding 
was not statistically significant. 

Several studies have sought, but failed to find, mutations in 
the TNSR coding region of patients with PCOS (14, 17, 19. 
21-23). Our findings in this region are consistent with previous 
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Fig. 2. Summary of TDT analysis. The dashed line indicates a x 2, 
value of 3.84 (P = 0.05). The candidate gene regions and the allele with 
the highest value for each region are listed on the x axis. Each allele 
with a nominally elevated x 2 (>3.84) is indicated with an asterisk, and 
the number of transmissions tested is shown above the bar. A total of 
2 j 349 alleles at 45 loci were tested. 
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Results from the present study for linkage and TDT analysis of genes previously tested in other studies 
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ASP Analysis 



TDT 



Gene (ret) 


IBD 


Not 
IBD 


Total, 
n 


IBD, 

% 


X 2 


P 


Allele 


Transmitted 


Not 
transmitted 


V 2 


p 

JT 


INS VNTR (3536) 


15.2 


14.8 


30 


51 


0.00 


>0.5 


Class m 
Total 
Paternal 
Maternal 


50 
23 
27 


54 
24 
30 


0.15 
0.02 
0.16 


>0.5 
>0.5 
>0.5 


CYP11A (10) 

D15S520 
Haplotype* 


22.o 

21 

30.8 


14.2 
12.7 
15.2 


37 

33.7 

46 


62 
62 
67 


2.03 
2.06 
5.34 


0.15 
0.15 
0.02 


7 
5 


73 
72 


90 
82 


1.77 
0.65 


0.18 
0.42 


CYP19 (10) 


25.9 


24.7 


50.7 


52 


0.03 


<0.5 


6 
7 


56 
20 


36 
40 


435 
6.67 


0.04 
0.01 


CYP17 (11,37) 
D10S192 


28.5 


29.5 


58 


49 


0.02 


>05 


10 


27 


50 


6.87 


0.01 


INSR (18-20) 
INSR 


17.5 


12.5 


30 


58 


0.83 


036 


13 


39 


21 


5.40 


0.02 



D19S884 
Haplotype 1 " 



27.3 
34.7 



24.7 
29.9 



52 
64.7 



53 
54 



0.14 
036 



m 

J* *D15S519-D15S520. 
g *p\f*TD19S905-tNSR-D19S884-D19S922oea. 

vs studies in that we also do not find evidence for linkage between 
2 PCOS and the JNSR, IBD for the INSR region ranges from 
f*53% at D19S8S4 to 61% at DI9S922; neither is statistically 
+» significant, and IBD for the much more informative 1.2-cM 
Q haplotype for this region (65 transmissions) is only 54% (x 2 = 
jw 0.36). We did, however, find evidence for association (elevated 
TDT) in the INSR region. The strongest evidence for associ- 
JL ation is with allele 5 of DI9S884; however, this finding is not 
Eg statistically significant after correction. 

4? 

W DISCUSSION 

^ We tested for linkage and association between 37 candidate 
©genes and PCOS/HA in data from 150 families, including 39 
fy affected sister pairs. The phenotype PCOS/HA was defined by 
HA and oligomenorrhea in index cases and HA with or 
without oligomenorrhea in affected sisters. We found evidence 
for linkage with two genes: follistatin and CYP1IA. Only the 
linkage with follistatin remains significant after correction for 
multiple testing. 

Both of these regions are worthy of follow up studies. The 
cholesterol side-chain cleavage enzyme CYP21A converts cho- 
lesterol to pregnenolone, a rate-limiting step of steroidogen- 
esis. A mutation that causes up-regulation of CYP1IA activity 
could therefore result in an increase in androgen levels, one of 
the criteria used to define affected status in this study (6). The 
evidence for linkage with CYPI2A (Table 3) was not very 
strong when each marker was considered separately, but when 
we assessed IBD by considering sharing of the haplotype 
defined by D15S5J9-DI5S520 (a span of <1 kb), the IBD was 
67% of 46 transmissions, and the corresponding x 1 was 534 
(nominal P = 0.02). However, these results are no longer 
significant after correction for multiple testing (multiplying the 
P value by 33, the number of regions tested). Because Gharani 
et al (10) also found evidence for linkage with CYP2IA, our 
findings are, to some extent, a confirmation. In this situation, 
multiplying by the full 33 tests probably provides a correction 
that is too stringent, but it is not known what correction should 
be used instead. 

By far the most convincing evidence for linkage was found 
with follistatin. Follistatin, an activin-binding protein, neutral- 



>0.5 
>05 



10 



28 



8.53 0004 



izes the biological activity of activin in vitro and in vivo (38, 39). 
Activin, a member of the transforming growth f actor-0 super- 
family, and follistatin are expressed in numerous tissues, 
including the ovary, pituitary, adrenal cortex, and pancreas. 
Activin promotes ovarian follicular development, inhibits the- 
cal-cell androgen production, and increases pituitary follicle- 
stimulating hormone secretion and insulin secretion by pan- 
creatic /3-cells (39, 40). An increase in level or in functional 
activity of follistatin might, therefore, be expected to arrest 
follicular development, increase ovarian androgen production, 
reduce levels of circulating foUide-snmulating hormone, and 
impair insulin release. These changes are all characteristic 
features of PCOS (3, 41). Indeed, overexpression of follistatin 
in transgenic mice results in suppression of serum levels of 
folhcle-stimularing hormone and arrested ovarian folliculo- 
genesis (38). 

With 66 transmissions of informative haplotypes at the 
follistatin locus, the finding of 72% IBD is highly significant, 
even after correction for 33 tests (P G = 0.01). Although, in 
principle, some gene other than follistatin could give rise to the 
evidence for linkage of PCOS/HA with this region, we have 
focused on follistatin, because it is the candidate gene that led 
us to study this region. 

We also tested for association in the follistatin and CYP1IA 
regions. No allele of any marker in these regions showed 
significant evidence for allelic association. Although an allelic 
association detected by the TDT would have provided support 
for linkage, the absence of association is not inconsistent with 
linkage, because the effect detected by the TDT requires 
linkage disequilibrium in addition to linkage. It follows that 
genetic markers may reveal linkage without showing allelic 
association with the disease, especially it as in the case of 
follistatin, the marker is not extremely tightly linked (Table 1). 

We carried out a very complete analysis of association by the 
TDT for all markers, because this type of analysis is a 
particularly appropriate test for a possible role of a candidate 
gene. However, the very large number of alleles tested (349) 
makes it difficult to interpret norninalry significant results. 
Furthermore, 6 of the 11 nominally significant tests shown in 
Fig. 2 are based on a relatively small number of transmissions 
52 (<50). Even for the larger samples with x 2 values close to 7 
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«T7 and CYP19)> we are uncertain about the ultimate 
Icance of the associations we observed. The strongest 
evidence for association was seen with allele 5 o£D19S884 (jf 
= &53; P = 0.004; not significant after correction). D19S884 
was chosen as a marker for the insulin receptor, considered a 
candidate gene on the basis of several previous studies (13, 21, 
41). Nevertheless, the results are not conclusive, in part 
because of the modest sample size, and larger independent 
samples will be needed for a convincing replication of these 
findings. 

In the present study, we have carried out analyses of genetic 
linkage and population association for a set of candidate genes 
for PCOS. We show how these genetic analyses can be used to 
screen a large number of candidate genes, without testing each 
gene for mutation(s). These approaches identify the candidate 
genes with the strongest evidence for genetic linkage and 
suggest which genes make minimal contributions to the etiol- 
ogy of the disease. The alternative procedure of screening one 
candidate gene at a time for mutations contributing to such 
diseases would be very inefficient, because variants that pre- 
dispose to disease are heterogeneous and common in complex 
diseases such as PCOS. On the other hand, combined analysis 
of linkage and association can provide evidence that one (or 
several) candidate genes contribute to susceptibility, even 
though the precise genetic variant is not known. Such genetic 
g| evidence can then be used to guide further studies of those 
j=L candidate genes. Our results suggest that variation at or near 
|3 the follistatin gene contributes to the HA of PCOS. 
UP ' 
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